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EXECUTIVE SUMMARY

The Department of Energy's (DOE's) primary mission in the oil research program is to
maximize the economically and environmentally sound recovery of oil from domestic reservoirs
and to preserve access to this resource. The Oil Recovery Field Demonstration Program supports
DOE's mission through cost-shared demonstrations of Improved Oil Recovery (IOR) processes
and reservoir characterization methods. In the past 3 years, the DOE has issued Program
Opportunity Notices (PONs) seeking cost-shared proposals for the three highest priority,
geologically defined reservoir classes. The classes have been prioritized based on resource size
and risk of abandonment. This document defines the geologic, reservoir, and production
characteristics of the fourth reservoir class, strandplain/barrier islands, in preparation for issuing a
solicitation for cost-shared proposals.

The 330 Class 4 reservoirs in the DOE Tertiary Oil Recovery Information System (TORIS)
database contain about 30.8 billion barrels of oil or about 9% of the total original oil-in-place
(OOIP) in all United States reservoirs. The current projection of Class 4 ultimate recovery with

current operations is only 38% of the OOIP, leaving 19 billion barrels as the target for future IOR
projects.

Plays in Texas, Oklahoma, California, and the Rocky Mountain region contain 90% (17 billion
barrels) of the Class 4 remaining oil-in-place (ROIP). Class 4 plays in Texas and Oklahoma each
contain about one-third of the total Class 4 ROIP. About 85% of current Class 4 production is
light oil, but production of both light and heavy oil has dropped significantly since 1970. Small
independent oil companies now account for 40% of Class 4 production.

The shoreline-associated strandplain/barrier island deposits defined as Class 4 are primarily
wave-constructed shallow water deposits. These deposits often form excellent reservoirs with
high porosity and permeability, and under proper conditions of sediment supply and tectonic
movement, strandplain/barrier island deposits may become extensive both in thickness and areal
extent. Some important internal heterogeneities affecting fluid flow in strandplain/barrier island
reservoirs may be attributed to depositional processes, while other heterogeneities of equal or
greater importance may be related to later erosional incision by fluvial channels and deposition of
fine-grained sediments in those channels.

Knowledge of the geological factors and processes that control formation and preservation of
reservoir deposits, external and internal reservoir heterogeneities, reservoir characterization
methodology, and IOR process application can be used to address production of the ROIP in Class
4 reservoirs. Knowledge of heterogeneities that inhibit or block fluid flow is particularly critical.

Advanced technologies such as multidisciplinary reservoir management, targeted infill drilling,
and computerized data management, have been applied with success in Class 4 reservoirs.
Advanced waterflooding techniques such as polymer flooding and profile modification by gel
polymers have been applied. Chemical processes such as alkaline flooding or use of micellar-
polymer surfactants have been tested. Miscible CO, and cyclic CO; injection have also been
tested, as have steam projects and in situ combustion. Expanded application of these technologies
could recover a significant portion of the ROIP target.

xi



Using the TORIS database and its predictive and economic models, the recovery potential
which could result from future application of IOR technologies to Class 4 reservoirs was estimated
to be between 1.0 and 4.3 billion barrels, depending on oil price and the level of technology
advancement. The analysis indicated that this potential could be realized through (1) infill drilling
alone and in combination with polymer flooding and profile modification, (2) chemical flooding
(surfactant), and (3) thermal processes. Most of this future potential is in Texas, Oklahoma,
California, and the Rocky Mountain region. Approximately two-thirds of the potentially
recoverable resource is at risk of abandonment by the year 2000, which emphasizes the urgent
need for the development and demonstration of cost-effective recovery technologies.

'The environmental issues that face IOR projects in pursuit of Class 4 ROIP are not different
from those of other reservoir types. Environmental issues are tied to the location of the project and
its relationship with existing oil production infrastructure, surface and ground waters, urban areas,
ecologically sensitive areas, and the presence of historical, archaeological or paleontological sites.
Demonstration projects must be in compliance with the National Environmental Policy Act (NEPA)
in addition to compliance with all applicable federal, state, and local regulations and permitting
requirements.
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CHAPTER 1
BACKGRQOUND AND OBJECTIVES

The Department of Energy’s (DOE’s) Oil Recovery Field Demonstration Program was initiated
in 1992 to support DOE's primary mission in the national oil research program of maximizing the
economically and environmentally sound recovery of crude oil from known domestic reservoirs
and preserving access to this resource. The goals and objectives of this program support the
broader strategic goals of the Federal Government’s Comprehensive National Energy Policy Act of
1992 and Domestic Natural Gas and Oil Initiative of 1993. The ongoing field demonstration
program supports this mission through the demonstration of improved oil recovery processes and
reservoir characterization methods. The cost-shared field demonstration projects are being initiated
in geologically defined reservoir classes which have been prioritized relative to the risk of
abandonment and potential for incremental recovery. To date, DOE has issued Program
Opportunity Notices (PONs) seeking cost-shared proposals for field demonstration projects in the
three highest priority geologic classes of reservoirs. The purpose of this document is to define the
geological, reservoir, and production characteristics of the fourth class, strandplain/barrier island
reservoirs, in anticipation of a solicitation for proposals. Improved oil recovery activity,
technological challenges, and environmental issues are also reviewed. This report provides
potential Class 4 bidders with information necessary to determine if prospective reservoirs fit
within the strandplain/barrier island depositional class, and provides geologic, production, and
improved recovery process analog data.

The reservoir classes are based on depositional environment and were originally defined by the
Geoscience Institute for Oil and Gas Recovery Research (1990) in conjunction with the Interstate
Oil and Gas Compact Commission. These geologic classifications were applied to the reservoirs
that are included in the DOE Tertiary Oil Recovery Information System (TORIS). TORIS contains
information on more than 2,500 domestic oil reservoirs, representing two-thirds of the known
domestic oil resource, or about 360 billion barrels of original oil-in-place. The TORIS reservoirs
were classified into 22 geologically defined classes, representing 16 clastic reservoir classes and 6
carbonate reservoir classes, as shown in Table 1.1. These classes were then ranked in terms of
original oil-in-place, remaining oil-in-place, future recovery potential, and abandonment risk to
define the highest priority classes for research emphasis.

The significance of the first four DOE-defined geologic classes of reservoirs is illustrated in
Figures 1.1 and 1.2. These figures compare the original and remaining oil-in-place values for the
22 reservoir classes. Class 1 was defined as fluvial-dominated deltaic reservoirs, and DOE
awarded funds for 14 cost-shared field demonstration projects in April 1992. Class 2 was defined
as shallow shelf (open and restricted) carbonate reservoirs, and DOE awarded funds for 11 cost-
shared projects in April 1993. Class 3 was defined as slope-basin & basin clastic reservoirs, and
DOE should award funds for selected projects late in 1994. DOE is currently preparing solicitation
documents for projects in Class 4, which is defined as strandplain/barrier island reservoirs. The
first three classes target about half of the remaining oil-in-place for reservoirs listed in TORIS, as
shown in Figure 1.3. Class 4 targets an additional 8% of the remaining oil-in-place, or 20 billion
barrels. The remaining 41%, or 100 billion barrels of oil, will be the target for future solicitations.
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30.8 Billion Bbl
12%

REMAINING CLASS 2
100.2 Billion Bbl 51.2 Billion Bbl
41% 21%

CLASS 3
CLASS 4 44 4 Billion Bbl
19.8 Billion Bbl 18%

8%
TOTAL ROIP FOR ALL CLASSES = 246 BILLION BARRELS

Figure 1.3 Distribution of Remaining Oil-in-Place (ROIP) for
TORIS Reservoirs (Source: BPO TORIS, 1994)

In anticipation of the solicitation for Class 4 field demonstration proposals, DOE has prepared
this document to discuss the general characteristics of the strandplain/barrier island resource,
including the geologic, reservoir, and production characteristics of these reservoirs. Chapter 2
presents an overview of the Class 4 resource, describes the general geologic characteristics of these
reservoirs, and defines the significance of the major plays in the country. Chapters 3 through 6
examine the major strandplain/barrier island plays in regions having the highest remaining oil-in-
place volumes: Texas, Oklahoma, California, and the Rocky Mountains. These chapters include
discussions of the geologic, reservoir and production characteristics of the major plays in each
region, and include an overview of the processes which have been implemented to improve oil
recovery. Chapter 7 presents a discussion of the challenges associated with the historical and
future application of improved recovery technologies in Class 4 reservoirs.
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Chapter 8 describes the future recovery potential which could be realized from the application
of improved recovery processes in the reservoirs described in the TORIS database. Chapter 9
discusses the environmental issues which impact oil production operations in general and the
specific issues which impact the conduct of cost-shared field demonstration projects with DOE.

1.1 References
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United States Federal Government, 1993, The domestic natural gas and oil initiative (DNGOI):
Washington, D.C., December.

United States Federal Government, 1992, Conference report on H.R. 776, comprehensive national
energy policy act (EPACT): Washington, D.C.
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CHAPTER 2
DESCRIPTION OF THE RESOURCE

The Department of Energy has defined Class 4 for the cost-shared oil recovery field
demonstration program as strandplain/barrier island reservoirs. This depositionally defined class
of reservoirs represents a significant portion of the Nation’s oil resource, as described in the DOE
Tertiary Oil Recovery Information System (TORIS). The purpose of Chapter 2 is to present an
overview of the reservoir, production, and geological characteristics of Class 4 reservoirs. Section
2.1 describes the overall strandplain/barrier island resource in the country based on an analysis of
330 Class 4 reservoirs listed in the TORIS database. Section 2.2 describes the general geological
characteristics of strandplain/barrier island reservoirs based on a comprehensive review of the
relevant geological literature. Section 2.3 presents an overview of the major Class 4 plays in the
United States and includes summaries of the resource, reservoir, and production characteristics, as
well as a summary of the recovery processes that have been used in these plays. The major plays
are described in detail in Chapters 3 through 6.

2.1 Overview of the Class 4 Oil Resource

The TORIS database contains information on 330 Class 4 reservoirs in the United States. The
total original oil-in-place for these reservoirs is 30.8 billion barrels, which represents about 9% of
the nearly 360 billion barrels of original oil-in-place in reservoirs listed in TORIS. As of 1991, the
cumulative production from these reservoirs totaled approximately 10.9 billion barrels, and the
proved reserves were estimated at 800 million barrels (Figure 2.1). Based on these recovery
values, the ultimate recovery from the Class 4 reservoirs will be only 38% of the original oil-in-
place. The projected remaining oil-in-place at the end of current operations totals 19.1 billion
barrels of oil, with an estimated 6.7 billion barrels of mobile oil and 12.3 billion barrels of
immobile oil. This remaining oil-in-place is the target for the future application of improved
recovery technologies. Although TORIS does not represent the entire strandplain/barrier island
resource in the country, the figures illustrate that significant volumes of oil will be left behind
unless economic improved recovery technologies can be implemented.

Remaining Mobile

Cumulative o
Production O
10.9 Billion Bbl _ 6.7 Billion Bbl

Proved Reserves - . o
0.8 Billion Bbl Remaining Immabile Oil

2.5% 12.3 Billion Bbl
' 40.1%

Original Oil-in-Place = 30.8 Billion

Figure 2.1 Distribution of Original Oil-In-Place Volumes in Class 4
Reservoirs (Source: BPO TORIS, 1994)



NUMBER ORIGINAL | CUMULATIVE | ULTIMATE REMAINING
OF OIL-IN-PLACE | RECOVERY RECOVERY | OIL-IN-PLACE

STATE RESERVOIRS MMBO MMBO MMBO MMBO
AL 1 21 12 12 8
AR 1 3 1 1 2
CA 31 4,790 1,322 1,369 3,421
CcO 6 241 82 82 158
IL 8 1,192 454 456 736
IN 3 287 99 100 187
KS 2 115 47 46 69
LA 4 109 59 87 22
MS 2 182 67 67 115
MT 2 339 152 156 183
NE 10 242 116 123 120
NM 11 701 124 129 572
OK 51 10,071 3,757 4,185 5,885
PA 1 666 117 117 548
TX 167 10,184 3.933 4,162 6,022
UT 1 5 0 0 5
WY 29 1,608 524 535 1,073

TOTAL 330 _30,755 10,867 11,629 19,126

2.1.1 Distribution of the Class 4 Resource

The distribution of the TORIS-defined Class 4 reservoirs in the United States is shown in
Figure 2.2, and the original oil-in-place data for each state are summarized in Table 2.1. Over half
of the Class 4 reservoirs listed in the TORIS database are located in Texas (167), and these
reservoirs account for almost one-third of the remaining oil-in-place for Class 4 reservoirs, or 6.0
billion barrels. Oklahoma also accounts for a significant portion of the Class 4 reservoirs, with 51
reservoirs and remaining oil-in-place of 5.9 billion barrels. The remainder of the TORIS Class 4
reservoirs are located primarily in California, the Rocky Mountains, other Mid-Continent states,
and the linois Basin.
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Figure 2.2 Distribution of Class 4 TORIS Reservoirs and
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2.1.2 Heavy Versus Light Oil in Class 4 Reservoirs

Most of the Class 4 oil resource represented in TORIS is light oil. Table 2.2 summarizes the
oil-in-place for the Class 4 reservoirs based on API gravity. About 80% of the original-oil-in~
place, cumulative production, ultimate recovery, and remaining oil-in-place in these reservoirs is
light oil, with gravity above 25° APL. The oil volumes in the medium gravity range (between 20°
and 25° API) are almost as large as the heavy oil volumes (gravities below 20° API) with each
category accounting for approximately 10% of the total. Many of the medium gravity oil reservoirs
could be targets for thermal recovery processes that have most commonly been applied to heavy oil
TEServoirs.

ORIGINAL CUMULATIVE ULTIMATE REMAINING
OIL-IN-PLACE RECOVERY RECOVERY OIL-IN-PLACE
MMBO % MMBO % MMBO % MMBO %
LIGHT (API>25) 24,593 80 8,835 81 9,435 81 15,158 79
MEDIUM (20<API<=25){ 2,998 10 1,163 11 1,264 11 1,734 9
HEAVY (API<=20) 3,164 10 870 8 930 8 2,235 12
TOTAL 30,755 10,867 11,629 19,126




2.1.3 Production and Operator Profile for Class 4

Light and heavy oil production from the TORIS Class 4 reservoirs has dropped significantly
since 1970, as shown in Figure 2.3. The total production from these reservoirs in 1970 averaged
approximately 650,000 barrels of oil per day (BOPD), 6% of which was heavy oil. By 1991, the
total production had dropped to 145,000 BOPD, 14% of which was heavy oil. During this time,
light oil production dropped from 610,000 to 125,000 BOPD, while heavy oil production dropped
from 40,000 to 20,000 BOPD. Based on 1991 production volumes, just over half of the Class 4
production was operated by major oil companies, as shown in Figure 2.4, and small independents
accounted for 40%. The remainder was operated by medium and large independents. The primary
operators within each of these categories are summarized in Table 2.3. Operator size
classifications are based on domestic liquid reserve volumes reported in the Oil and Gas Journal
300 survey (OGJ300, 1992).
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Figure 2.3 Light and Heavy Oil Production for Class 4 Reservoirs
(Source: BPO TORIS, 1994)
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Operator Size Based On Domestic Liquid Reserves (OGJ 300)
Majors: Reserves > 250 Million Bbls
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Small Independents: Reserves < 10 Million Bbis

Figure 2.4 Operator Profile for Class 4 Reservoirs (Source: BPO
TORIS, 1994; 0GJ300)



% OF 1991
CLASS 4 OIL
OPERATOR NAME PRODUCTION
AMOCO CORP. 8.07
ARCO 4.07
CHEVRON CORP. 1.81
CONOCO INC. 1.08
EXXON CORP. 3.73
USX-MARATHON GROUP 8.00
MOBIL CORP. 12.06
ORYX ENERGY CO. 2.31
PHILLIPS PETROLEUM CO. 0.92
SHELL OIL CO. 0.13
TEXACO INC. 8.58
UNOCAL CORP. 1.68
SUBTOTAL MAJORS 52.44
'AMERADA HESS CORP. 0.65
MERIDIAN OIL INC. 0.06
MITCHELL ENERGY & DEVELOPMENT CORP. 0.16
OCCIDENTAL PETROLEUM CORP. 3.24
PENNZOIL COMPANY 0.12
SANTA FE ENERGY RESOURCES INC. 0.11
UNION PACIFIC RESOURCES CO. 0.32
SUBTOTAL LARGE INDEPENDENTS 4.66
ADOBE RESOURCES CORP. 0.00
AMAX OIL & GAS INC. 0.11
AMERICAN PETROFINA INC. 0.24
AMERICAN EXPLORATION CO. 0.41
ANADARKO PETROLEUM CORP. 0.35
APACHE CORPORATION 0.42
BHP PETROLEUM (AMERICAS) INC. 0.03
CENEX 0.03
COASTAL CORP. 0.11
CONSOLIDATED NATURAL GAS CO. 0.13
ENRON CORP. 0.00
HONDO O&G CO. 0.06
KERR-MCGEE CORPORATION 0.15
MURPHY OIL CORP. 0.08
NOBLE AFFILIATES INC. 0.00
PACIFIC ENTERPRISES OIL & GAS CO. 0.12
PARKER & PARSLEY PETROLEUM CO. 0.04
PRESIDIO OIL CO. 0.09
SNYDER OIL CORPORATION 0.00
SONAT INC. 0.03
VINTAGE PETROLEUM 0.01
SUBTOTAL MIDSIZE INDEPENDENTS 2.41
SUBTOTAL SMALL INDEPENDENTS 40.48
PERCENTAGES BASED ON 1991 PI DATA FOR TORIS CLASS 4 RESERVOIRS _ T
RANKING BASED ON 1991 DOMESTIC LIQUIDS RESERVES (DLR), OGJ 300
MAJORS: DLR >250 MILLION BBLS
LARGE INDEPENDENTS: DLR = 100 TO 250 MILLION BBLS
MIDSIZE INDEPENDENTS: DLR = 10 TO 100 MILLION BBLS
SMALL INDEPENDENTS: DLR <10 MILLION BBLS
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2.2 General Geologic Characteristics Of Class 4 Reservoirs

An adequate knowledge of the range of expected reservoir-unit geometries and their attendant
internal variations in fluid retention and flow properties is necessary to efficiently develop and
exploit any petroleum reservoir. This knowledge becomes more critical as we attempt to recover
remaining oil-in-place after reservoirs approach their economic limits under current operations.

Reservoir-unit geometries and their internal patterns of heterogeneities affecting fluid flow are
related in predictable, though as yet imperfectly understood, ways to the geological factors and
processes controlling deposition and preservation of Class 4 strandplain/barrier island deposits.
An understanding of the fundamental geological factors/processes and their interactions will make
geometry of reservoir units and their accompanying internal heterogeneities more predictable and
exploitation of Class 4 reservoirs more efficient.

The following discussion is intended to provide sufficient background information to
understand (1) the general depositional characteristics of Class 4 reservoirs and the specific
depositional characteristics that distinguish Class 4 reservoirs from other reservoir classes; (2) the
geological factors that control, through their interaction, the distribution and geometry of the
sedimentary deposits that make up Class 4 reservoirs; and (3) the major known depositional
heterogeneities that can affect interwell-scale fluid flow in Class 4 reservoirs. For the reader
unfamiliar with geological terminology commonly associated with strandplain/barrier island
systems, a Glossary of Geological Terms (Appendix A) is provided.

2.2.1 Strandplain/Barrier Island Deposition _

Reservoirs classified as strandplain/barrier island reservoirs (Class 4) are shoreline-associated
deposits resulting from redistribution by marine processes (e.g., waves, tides, currents) of -
sediments derived ultimately from terrigenous sources. Specifically, sediments found in Class 4
reservoirs arrived at the site of deposition largely through transport by littoral or longshore
currents. Class 4 reservoirs are not immediately associated with deltaic sediments of major rivers
as are deposits of similar origin found in wave-dominated deltas. Class 4 reservoirs are, however,
often located along depositional strike not far from such deltas.

All plays discussed or appearing in the figures and tables of this report contain 1eservoirs
classified as Class 4 in the TORIS database. Because they are commonly geographically rather
than geologically defined, plays often contain more than one reservoir Class. Some plays
appearing in figures and tables may, in fact, be dominated by reservoirs of Classes other than
Class 4, (often reflected in the play name), but these plays are included because they contain at
least some Class 4 reservoirs. Summary statistics for all plays apply only to the Class 4 reservoirs
contained in the play.

2.2.1.1 Depositional System Classifications

The strandplain/barrier island category of reservoirs includes variations of and subsets of the
following deposit types:
Strandplain

A prograded shore built seaward by waves and currents, continuous for some distance along
the coast.



In essence, this is the deposit left behind by a beach or strandline prograding seaward with
time. The general geometry of strandplain deposits forming in sand-rich and mud-rich
environments is shown in Figure 2.5A and Figure 2.5B, respectively. Modern sand-rich
strandplain deposits along the Mexican Gulf Coast (i.e., the Nayarit and Tabasco coastal plains)
have been described by Curray, et al. (1969) and Psuty (1967). Mud-rich modern strandplains
occur along the southwest Louisiana coast and along the adjacent parts of the northeast Texas
coast. These deposits have been described by Fisk (1955), Beall (1968), Friedman and Sanders
(1978), and Otvos and Price (1979).

An important distinction between mud-rich and sand-rich strandplain deposits is that sand-rich
deposits display sand continuity in both depositional strike (shoreline parallel) and dip (shoreline
perpendicular) directions, while sands in mud-rich deposits are not continuous in the dip direction
(Tyler and Ambrose, 1986). No lagoonal deposits are involved, because waves have moved
sediment directly up to the shoreline. Sometimes called beach plains, they may be called forelands
when they are of lesser areal extent. Cuspate forelands are a variation characterized by a triangular
deposit prograding seaward as a result of the longshore convergence of beach ridges or spits
flanking a headland. Many deposits classified as strandplains may contain at least some episodes
of barrier island deposition.

Barrier Island

A long, low, wave-built sandy (or coarser-grained) island, parallel to the shore and exposed
above high tide, commonly with dunes, vegetated zones, and swampy terrain. These islands
shelter the coast and isolate shore waters in a lagoon between the shoreline and the island. General
features of a barrier island deposit are depicted in Figure 2.5C.

Barrier islands are also referred to as offshore barriers, offshore beaches, shoreline barriers,
and as barrier beaches. In the past, the term offshore bar has also been applied to these features,
but is no longer favored as it has more recently become customary to reserve its use for submerged
rather than emergent features. The modern southeast Texas coast contains numerous examples of
barrier island deposits. Bernard, et al. (1978) give a good overview of these modern deposits and
a more detailed treatment may be found in McGowen, et al. (1977).

Depending on basin, shoreline, and current configurations, barrier islands may become or
evolve from barrier spits or peninsulas which are connected to the land at one end. Cuspate
barrier spits are connected to land at both ends.

This reservoir category also includes longshore bars which are very similar in that they are
elongate and shore-parallel, but are submerged at high tide. Longshore bars are also built by
‘waves and are essentially ridges, mounds, or banks of sand or gravel. Longshore bars are also
referred to as submarine bars, offshore bars, or balls. The terms bar and shoal have also been
applied, but are too general in meaning for widespread usage in reference to these specific features.
The term barrier bar is no longer considered an acceptable term as it mixes the connotation of
emergence (barrier) with that of submergence (bar).

As in the case of barrier islands, local configuration of shorelines and currents may affect the

orientation and geometry of longshore bars (e.g., longshore bars attached to the shoreline at both
ends are called cuspate bars).
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2.2.1.2 Depositional Processes

The interaction of numerous geologic processes controls the location, size, internal and external
geometry, and quality of reservoir rocks in strandplain/barrier island reservoirs, but sediment
deposition is controlled primarily by marine processes (i.e., wave action, tidal action, longshore or
littoral currents).

In strandplain/barrier island deposits, sediment may be supplied to some extent by wave
erosion of locally exposed rocks or sediments. In most instances, however, longshore transport of
sediment eroded elsewhere along the coast, often derived from deltas and delivered by littoral
currents, prevails as a sediment source.

Waves of normal energy moving toward the shoreline across a shallow shelf begin to lift and
move bottom sediment as they near the shoreline. The water depth at which this occurs is referred
to as normal wave base. This wave action provides for (1) winnowing or sorting of sediment
grains as fines are carried away by continuing longshore currents, (2) size reduction and rounding
of grains accompanied by effective removal of mineralogically unstable (chemically and physically
less resistant) grains, and (3) shoreward movement of sediment. Shoreward movement and
vertical accretion or "piling up" of coarser grains places them in a shallower environment where
they receive yet more energy and the process repeats. Eventually the deposit becomes emergent
and the prevailing wind, which supplied the energy to drive waves, acts directly on the sediment
grains themselves resulting in subaerial dune formation.

In certain instances, depending on receiving basin geometry and shoreline configuration,
longshore currents may be augmented by tides, but in general, tidal processes result in water
movement perpendicular to the shoreline. When offshore barrier islands or longshore bars are
involved, tidally influenced water movements tend to concentrate in specific small channels cut
through the wave-built bar or barrier. These tidal inlets are characterized by currents that reverse
- direction with the tide, and the sediments found there reflect the high variation in energy levels
accompanying these directional shifts. The relative geometries of tidal inlet and associated deposits
with respect to the barrier island complex are depicted in Figure 2.6. Tidal currents flowing back
and forth through tidal inlets also carry sediments and may form tidal deltas on both the landward
(flood tidal delta) and seaward (ebb tidal delta) side of the inlet. Tidal deltas deposited on the
seaward side are usually reworked by wave action. Tidal inlets tend to migrate laterally with time.

Storm surges or abnormal rises in sea level along a shoreline caused by low atmospheric
pressure or prolonged and strong onshore storm winds can enhance the effects of waves and tides.
High water levels and much-increased intensity of wave action can cause severe erosion of
subaerial deposits and even breaching of barrier islands resulting in deposition of washover-lobes
of sediment on the lagoonward side. Tidal currents can become particularly strong when the water
mass piled along the shoreline suddenly ebbs after a storm surge event. Cutting of new inlets and
deepening or lateral migration of existing inlets may result.

2.2.1.3 Facies Description

A wide variety of descriptive-based, process-based, and genetically-based classifications for
strandplain/barrier island-associated facies may be found in the literature. The discussion
presented here is a simplified combination of a genetically-based classification of related
sedimentary facies (Coleman, 1976) with a lower concentration of descriptive and process-oriented
emphasis. The discussion of facies includes those normally found in association with strandplain
deposits as well as those unique to the barrier island sequence. The generalized progradational
sequence of facies is shown in Figure 2.7.
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Marine Shelf Shale

Shale with some stringers of silt and/or poorly sorted sand; may become less shaly near contact
with overlying Distal Bar facies; may contain scattered shells, and thin shell layers; ample evidence
of marine burrowing organisms.

These sediments represent deposition under normal marine shelf conditions below normal (day
to day) wave base. Occasional influxes of coarser sediments are transported by littoral currents or
dumped by ebb tidal currents and/or wave action during extreme storm events. This facies
characteristically has no reservoir potential, but can act as a barrier to fluid flow.

Distal Bar

(Also referred to as shoreface or fore-barrier sands)—silt, sand and shale layers; sands may
show some internal grading; common small-scale cross stratification; facies displays a general
increase in grain size upward; may contain scattered shells.

Sediments deposited increasingly within storm and normal wave base. These sediments,
which reflect much higher depositional energy than the underlying Marine Shelf Shale facies, are
being deposited and worked by waves on the seaward side of the longshore bar, barrier island
shoreline, or mainland shoreline. Increase in sand upward reflects shallowing of water depth and
higher energy as the bar crest or beach progrades.

This facies can be expected to have some reservoir quality sands, especially near its upper
contact, but sand units are generally thin and their lateral continuity may not be great.

Beach Ridge

(Also referred to as foreshore and backshore sands (in part) or Barrier Core sands (in part))—
clean well-sorted sands in massive beds or parallel (planar) beds with low-angle seaward dips;
some small-scale cross stratification may occur near its lower contact with the Distal Bar facies;
some shell and heavy mineral layers may be present.

This is the highest-energy facies deposited by water in the strandplain/barrier island system.
Near-emergent to emergent conditions are represented. Breaking waves provide ample energy to
sort and abrade grains.

This facies, along with the often overlying Eolian facies, discussed below, constitutes the best
reservoir rock associated with strandplain/barrier island systems.

Swale

Poorly sorted, thinly bedded silt and shale units; often with root traces; this facies may occur at
any level in the subaerial part of the sequence.

These sediments are representative of deposition in low energy interdune areas on the
subaerially exposed part of a barrier island or strandplain deposit. Topographically low areas
allow sediment trapping and stabilizing vegetation to become established where moisture collects.

These units form effective but local barriers or baffles to fluid flow.
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Eolian

(Also referred to as backshore and dune sands or Barrier Core sands (in part))—clean well-
sorted sands in massive beds or in large scale festoon cross-beds.

This facies consists of sediments derived primarily from the Beach Ridge discussed above and
deposited subaerially by onshore winds. Further abrasion and sorting of sedimentary grains takes
place in this environment. This facies, along with the underlying Beach Ridge facies, constitutes
the best reservoir rock associated with strandplain/barrier island systems.

Lagoon

(Applies specifically to sediments deposited in quiet water behind barrier islands)—Poorly-
sorted silts and clays with scattered sand size particles of wind-blown quartz; erratically distributed
thin stringers of moderate-to-well-sorted quartz sand; fauna often indicative of brackish or
sometimes restricted conditions.

These sediments reflect deposition in shallow water (10-30 feet) under protection from the
open sea by the barrier island itself. Salinity in lagoonal waters is a function of climate, presence
of local streams and rivers on the mainland, and the effective isolation from the sea produced by
the barrier island complex. Scattered silt- and sand-size grains are wind-blown from the
subaerially exposed sediments of the barrier island; sand stringers may be storm washovers or
flood tide deltas.

In a strandplain or related environment where no lagoonal sediments are present, the lagoonal
facies position in the stratigraphic sequence may be occupied by salt- or fresh-water marsh deposits
depending on local climate, fresh water supply, and sediment availability.

Washover lobe and flood tidal delta sediments have some potential as reservoirs, but sand
quality cannot be expected to be consistent, and the sands are thin, erratically distributed, and are
not continuous over long distances.

Tidal Inlet

Tidal Inlet deposits consist of generally one or more fining upward sequences with sand and
shell materials in lower cross beds and/or ripple beds (either of which may be bidirectional)

grading upward to finer sands and silt- or clay-size sediments; shale drapes are common (Moslow,
1984).

Content varies depending on relative strengths of wave versus tidal energy in the environment
(Moslow and Tye, 1985). High relative wave energy will result in coarser, better-sorted inlet fills
with lesser amounts of shale overall. If tidal energy predominates, less sorting takes place, overall
grain size is smaller, and shale content will be much higher.

The reservoir quality of the Tidal Inlet facies is relatively greater under conditions where wave
energy is greater. The amount of fines in Tidal Inlet sediments is less under these circumstances,
indicating that lateral compartmentalization of the reservoir will be less.

Relative geometries of sand bodies formed by the facies discussed above in a typical barrier
island system having low tidal energy are shown in Figure 2.8. Note that tide-related facies are
well represented volumetrically in spite of low tidal energy. ‘
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2.2.2 Geologic Controls on Reservoir Architecture and Properties

A number of geological and paleogeographical factors working in combination control the
location, size, internal and external geometry, and reservoir properties of strandplain/barrier island
deposits. Although the effects of each of the factors cannot be isolated for direct observation, their
individual influences have been determined through numerous studies of strandplain/barrier island
and related deposits in both modern and ancient environments.

Post-depositional erosion and emplacement of overlying sediments have the potential to impart
modifications to strandplain/barrier island deposits that critically change reservoir geometry and
internal fluid flow patterns. Recognition of such events from the stratigraphic context of any
strandplain/barrier island reservoir is of equal importance to understanding its origin.

2.2.2.1 Key Geologic Factors and Their Independent Effects
Sediment Supplied from Land

The chemical/mineralogical composition of the materials incorporated into strandplain/barrier
island deposits is an important factor. The type of material available is a function of (1) the
ultimate source of the material and (2) alteration of the material during transport.

The source area (or provenance) of land-derived material is the primary factor determining
composition and, in some cases, sediment grain size. Sediments derived from a volcanic source
have the potential for being vastly different from those derived from erosion of clean well-sorted
quartz sandstone. Transport from the source area by wind, water, or ice, and the distance and
duration of transport can also have a major influence on size, composition, and volume of available
material.

Size reduction, sorting, and rounding of sedimentary material are usually thought of as being
the main sediment characteristics that are modified through transport, but selective abrasion and
chemical weathering of less mineralogically stable grains is an equally important modification. The
effective removal of less stable grains will generally lead to a lesser degree of mineralogic alteration
and redistribution of materials during burial diagenesis.

The volume of sediment available will have a profound effect on the dimensions and geometry
of strandplain/barrier island deposits both directly as a sediment accommodation consideration and
indirectly as it may result in tectonic subsidence at the shoreline.

Littoral Currents

Littoral or longshore currents are the final-stage sediment delivery mechanism for Class 4
reservoirs. These reservoirs are, by definition, not immediately associated with large river systems
and deltas; although strandplain/barrier island reservoirs may be along depositional strike from
such deltas. The strength and direction of these currents will control the volume of sediment
available at the site of strandplain/barrier island deposition. Littoral currents may owe their origin
to waves (which are in turn wind-driven), tides, or other water movements, and the interaction of
water movement with basin/shoreline geometry. Littoral currents may be strongly augmented
under storm surge conditions.

The volume of sediment delivered by longshore transport will be a major factor influencing the
geometry and dimensions of strandplain/barrier island deposits. Longshore currents can also make
some contribution to sorting and rounding of grains.
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Wave Energy

Wave energy is the primary factor responsible for the formation of strandplain/barrier island
deposits. Waves are responsible for (1) removal by abrasion of less resistant (usually
mineralogically unstable) grains, (2) sorting, rounding, and reduction in size of remaining stable
grains, and (3) physical movement of sediment from deeper water in front of the deposit to a
shallow water or subaerial position.

Normal day-to-day levels of wave energy have the most influence on the overall internal and
external geometry of the deposit, but extraordinary wave energy accompanying storm surges may

be responsible for reworking upper parts of the deposit into washover lobes on the landward or
lagoonward side.

Tidal Energy

Tidal energy, which is a function of tidal range, is a key modifying factor in forming
strandplain/barrier island deposits. Sediments moved back and forth by tidal currents may
experience some additional sorting and abrasion, but the most important effect of tidal energy is to
maintain and create localized breaches in the wave-constructed barrier and to fill those breaches
with sediments of generally lesser reservoir quality.

High relative tidal energy tends to divide the wave-deposited reservoir into numerous lateral
compartments (Figure 2.9A). In fact, tidal energy alone will not form deposits of the
strandplain/barrier island type. Under conditions where wave energy dominates, lateral
compartmentalization will be much less and tidal deposits will be mostly limited to ebb tidal deltas
(Figure 2.9B).

Tectonics

Relative tectonic movements are extremely important controls on the formation of
strandplain/barrier island deposits. Tectonic movements associated with the sediment source and
transport areas will strongly influence topography and the relative amounts of chemical/mechanical
abrasion of sediments during transport. Ultimately these movements will affect the composition,
grain size, and volume of sediment arriving at the site of strandplain/barrier island deposition.
Tectonic movement affecting the strandplain/barrier island deposition site can have a marked effect
on the external geometry of the deposit. Subsidence, resulting from the weight of accumulating

sediment or other causes, allows accommodation room for sediments and tends to inhibit seaward
progradation.

Slope Angle of the Nearshore Shelf

On shallow, low-sloping shelves, wave energy becomes capable of suspending and moving
bottom sediments well seaward of the shoreline, thus favoring development of longshore bars or
barrier islands in front of the coastline. On steeper-sloping shelves, wave energy affects bottom
sediments only a very short distance from the coast. Under such circumstances, development of
shoreline beaches and strandplain deposits is favored.
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Eustatic Sea Level Fluctuation

Independent changes in worldwide eustatic sea level have effects on strandplain/barrier island
deposits that are indistinguishable from shoreline-associated tectonic effects. A eustatic sea level
rise has the effect of tectonic subsidence; a sea level fall has the same effect as a tectonic uplift.

Climate

Climate is an influential factor controlling (1) the sediment type and amount supplied from the
source area, (2) abrasion of grains (particularly chemically/mineralogically unstable grains) during
transport, and (3) wind and wave direction and magnitude at the site of deposition.

2.2.2.2 Interaction of Geologic Factors

None of the factors discussed above has a unique expression in strandplain/barrier island
architecture or reservoir properties. Even a seemingly simple, straightforward factor like the slope
of the nearshore shelf must be weighed against the relative energy of normal waves to predict
whether sand bodies will develop at the shoreline or offshore. Factors may work in conjunction or
in opposition to produce the depositional characteristics we see in strandplain/barrier island

reservoirs. Some factors express their effects only if they strongly dominate over other opposing
factors.

Interaction of Sediment Supply, Sea Level, and Tectonics

The volume of sediment (from nearby streams/rivers, from longshore transport, or from
nearby shoreline erosion), change in eustatic sea level, and relative tectonic movement associated
with the shoreline work together to determine the external geometry of strandplain/barrier island-
related deposits.

High volume of sediment input, falling sea level, or a tendency toward tectonic positiveness
near the shoreline favor a seaward migration of strandplain/barrier island facies with time resulting
in a progradational architecture Figure 2.10A. In this architecture also, good reservoir quality
Barrier Core facies along with their attendant fluid flow heterogeneities are well preserved.

Approximately stable conditions of relative sea level, sediment supply, and relative shoreline-
associated tectonic movement can result in a vertical stacking of strandplain/barrier island facies in
an aggradational architecture Figure 2.10B. Mutually offsetting magnitudes of sediment supply,
tectonics, and sea level change may also give rise to an aggradational architecture. Under
aggradational circumstances, good reservoir-quality facies may be volumetrically significant. Lack
of reworking preserves internal fluid flow heterogeneities such as tidal inlet fills and Swale
deposits as well as the best reservoir facies.

Rising sea level, rapid nearshore subsidence, or a very limited sediment supply tend to produce
a transgressive architecture Figure 2.10C. Any one of the above conditions can result in this facies
architecture if the condition is sufficiently pronounced. In a transgressive strandplain/barrier island
architecture, the maximum energy facies are very limited in volume compared with other facies.
An exposed Eolian or dune facies may never develop. Reworking of sediments may virtually
destroy high energy potential reservoir facies. Potential reservoir volume is comparatively small.
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Figure 2.10 Examples of Microtidal Barrier Island Depositional
Architecture (Source: Galloway, 1986)

Interaction of Waves and Tidal Currents

Relative energies of wave versus tidal processes in the receiving basin play a large part in
determining the internal facies geometry of strandplain/barrier island deposits. Under conditions
where wave energy greatly predominates, almost no tide-associated deposits (e.g., tidal inlet fills,
tidal deltas) will be preserved; such deposits are quickly reworked by wave action. If wave energy
is lesser with respect to tidal energy, the better wave-built reservoir facies and possible associated
Eolian facies will be compartmentalized by tidal inlets. In general terms, the higher the tidal energy
with respect to wave energy, the more frequent and better developed tidal inlets will be. In an
environment where tidal energy is extremely high with respect to wave energy, strandplain/barrier
island deposits cannot form at all.

2.2.2.3 External and Internal Dimensions of Strandplain/Barrier Island Features

The external dimensions of strandplain/barrier island systems will be a direct function of the
complex interaction of the geologic processes that lead to their formation. Examination of modern
day deposits can, however, give some indication of probable dimensions we might expect to find
under similar circumstances in the geologic past. Using, as a simplified model, barrier island sand
bodies of the modern Gulf Coast, we might expect sandy features in the range of 20 to perhaps 50
feet in thickness (in some cases we might add an additional 30 to 40 feet for optimal development
of Eolian sediments). Widths of the features might be expected to be from 1 to a few miles
probably averaging 2 to 4 miles, and length along depositional strike might be from a few to as
much as 50 miles (averaging 10 to 25 miles) (Galloway, 1986; Pennland, 1985; Coleman, 1976).

The probable dimensions of sediment bodies of strandplain/barrier island origin preserved in
the geologic record may vary considerably from those seen at an instant in time in modemn
environments. The effects of large-scale facies architecture, especially aggradational or
progradational architecture, may greatly enhance the vertical and dip-oriented lateral dimensions
outlined above.
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Jackson (1992) summarized dimensions of internal barrier island facies components (Table
2.4) from the work of 15 researchers. This work summarizes results for barrier islands deposited
under mesotidal conditions (i.e. having moderate tidal energy with a tidal range of from 3 to 10
feet). Variation factors in Table 2.4 may be interpreted as a very rough measure of the
predictability of the thickness, width or length dimension in question. The thickness, length, and,
to some extent, width of tidal inlet deposits appear to be difficult to anticipate, probably because of
the tendency of inlets to migrate laterally with time.

THICKNESS, WIDTH, LENGTH,
FT MAX/MIN MILES MAX/MIN MILES MAX/MIN

BEACH RIDGE 12-90 7.5 0.6-4.0 6.7 2.0-12.0 6.0
WASHOVER 0.5-6.0 12.0 0.4-1.6 4.0 .8-1.8 2.3
FAN/WASHOVER LOBE :

TIDAL INLET 5.0-100.0+ 20.0+ 0.1-1.0+ 10+ 0.6-4.0+ 6.7+
FLOOD TIDAL DELTA 6.0-30.0 5.0 0.3-4.0 13.3 1.0-3.0 3.0
EBB TIDAL DELTA 15.0-75.0 5.0 1.0-10.0 10.0 1.5-6.0 4.0

A summary of 318 strandplain/barrier island reservoirs in the TORIS database indicates the
majority (or mode) for these reservoirs is less than 2,000 acres in size with 20 feet of net pay
(Jackson, 1992).

2.2.2.4 Importance of Sequence Stratigraphic Considerations

Sequence stratigraphy is the study of genetically related facies within a framework of
chronostratigraphically significant surfaces (Van Wagoner, et al., 1990). What this means is that
while we study lateral facies relationships and vertical successions of facies we should always be
careful not to include in our considerations rocks that may be physically adjacent but are genetically
totally unrelated to our facies of interest because they are separated from them by sometimes subtle
surfaces or gaps (i.e., sequence boundaries) representing thousands to millions of years of
geologic time.

We should always examine the large-scale stratigraphic framework of a play or reservoir before
undertaking detailed facies analysis. The rock record is very incomplete overall, and it is quite
common for large time gaps to occur in sedimentary sections. Across the sometimes seemingly
innocuous surfaces that represent these gaps, depositional conditions may vary drastically, the
sediments above being in no way predictably related to those below. Walther's (1894) law
concerning the vertical representation of facies that occur in lateral continuity with one another is
useful and accurate, but it must be carefully applied.

The sedimentary record reflects an unending record of rises and falls in relative sea level,
presenting countless opportunities for erosional surfaces to develop on previously deposited
marine sediments thus complicating their interpretations. Because sandstones are more resistant to
later erosion than shales, sequence boundaries are often underlain by sandstones. Erosion often
can emplace fluvial valleys (incised valleys) in underlying depositional sequences. These valleys
may be filled at the beginning of the next transgressional sequence with rocks of higher or lower
reservoir quality than the rocks below the erosional surface.
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2.2.3 Summary of Known Interwell-Scale Depositional Heterogeneities Affecting
Fluid Flow

Reservoirs producing from the Distal Bar facies may involve several relatively thin, moderate-
quality sands that are perhaps of limited extent along depositional strike. These sands, whether
they are wave-worked sands of the bar/barrier front or whether they are remnants of ebb tidal
deltas, will be effectively separated vertically by finer-grained silts and shales of the bar/barrier
front environment, but will tend to merge into more massively-bedded, better reservoir-quality
sands toward the bar/barrier crest.

Reservoirs producing from facies on the landward or lagoonward side of barrier island
complexes may also involve thin, moderate-to-good-quality reservoir sands that are discontinuous
along strike. These sands generally represent storm washover and/or flood-tidal delta deposits,

and they too tend to merge toward the barrier crest into more massively-bedded sands of the
Barrier Core facies.

Reservoirs producing from barrier island or strandplain deposits with well-developed Eolian
facies are likely to be affected by the fluid-flow baffling effects of scattered interdune Swale facies
deposits. These thin silty, clay-rich layers are effective barriers to vertical fluid transmissibility,
but their lateral extent in both depositional dip and strike directions is limited (probably to a few
10s to a few 100s of feet).

Reservoirs producing from Barrier Core facies of any barrier island complex will nearly always
be compartmentalized to some extent along strike by crosscutting Tidal Inlet facies. Tidal Inlet
facies may contain moderate-to-good reservoir quality rocks, but they represent deposition under a
wide variety of energy conditions and shale drapes or shale plugs are commonly present as well.
Tidal Inlet barriers to lateral permeability are more numerous and more effective under
circumstances where tidal energies are greater relative to wave energies.

2.3 Overview Of Major Class 4 Plays

Chapters 3 through 6 of this report focus on the reservoir, production, and geological
characteristics of the strandplain/barrier island plays in four areas of the country: Texas, Oklahoma,
California, and the Rocky Mountains. Table 2.5 summarizes the TORIS oil-in-place volumes for
these four regions. The plays in Texas and Oklahoma are the most significant of the Class 4 plays,
representing about two thirds of the total original oil-in-place, cumulative production, ultimate
recovery, and remaining oil-in-place. Figure 2.11 illustrates the significance of these regions in
terms of the remaining oil-in-place, which is the target for future recovery projects. The plays in
Texas and Oklahoma each total about 31% of this target. An additional 18% of the remaining oil-
in-place is in plays in California, and 11% is in plays in the Rocky Mountain states.

ORIGINAL CUMULATIVE ULTIMATE REMAINING NUMBER

OIL-IN-PLACE RECOVERY RECOVERY | OIL-IN-PLACE OF
REGIONS MMBO MMBO MMBO MMBO RESERVOIRS
TEXAS 10,184 3,933 4,162 6,022 167
OKLAHOMA 10,071 3,757 4,185 5,855 51
CALIFORNIA 4,790 1,322 1,369 3,421 3]
ROCKY MOUNTAIN 3,131 998 1,025 2,106 58
OTHER 2,579 858 887 1,693 23
TOTAL 30,755 10,867 11,629 19,126 330
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TEXAS
OTHER PLAYS 6.0 BILLION BBL
1.7 BILLION BBL 31.5%

8.8% \

ROCKY MOUNTAINS
2.1 BILLION BBL

11.0% OKLAHOMA

5.9 BILLION BBL
CALIFORNIA 30.8%
3.4 BILLION BBL
17.9%

TOTAL ROIP = 19.1 BILLION BBL

Figure 2.11 Remaining Oil-In-Place Distribution for Class 4 Plays in
Major Regions (Source: BPO TORIS, 1994)

2.3.1 Reservoir Characteristics of Class 4 Plays

The average reservoir parameters for the major Class 4 play groupings were calculated from
TORIS data. Average values for net pay, porosity, initial oil saturation, depth, permeability,
gravity, initial pressure, and ultimate recovery factor are summarized in Table 2.6. Class 4
reservoirs in these plays range in depth from around 3,000 to 5,300 feet. Average net pay
thickness ranges from 21 feet in the Texas plays to 132 feet in the California plays. California
plays appear to have the best reservoir quality in terms of porosity (30%) and permeability (1,600
mD), but the oil gravity averages only 22° API. Although pay thickness averages only 21 feet,
reservoir quality of the Texas plays is good, with an average porosity of 27% and permeability of
849 mD, and the oil gravity is more favorable at 32° API. Oklahoma plays seem to have poorer
reservoir quality, with average porosity of 18% and average permeability of 292 mD, but average
pay thickness is fairly high at 60 feet. Plays in the Rocky Mountain states exhibit the poorest
reservoir quality based on these average TORIS parameters, with porosity averaging 17% and
permeability around 170 mD.

NET INITIAL PERM- AFI INITIAL ur

MAJOR PLAYS PAY, POROSITY, OIL SATN., DEPTH, EABILITY, GRAVITY, PRESSURE, | RECOVERY,
FT % % FT mD DEGREES PSI %
TEXAS 21 27 69 4,881 849 32 2080 43
OKLAHOMA 60 18 69 4,431 292 36 1834 38
CALIFORNIA 132 30 69 2,985 1637 22 1233 29
ROCKY MOUNTAINS 27 17 69 5,317 169 37 2155 28
OTHER PLAYS 22 22 70 4,559 511 34 1730 44
OVERALL AVERAGE 52 23 69 4,434 692 32 1806 38 |
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2.3.2 Production and Improved Recovery in Class 4 Plays

Improved oil recovery activity and production levels in the Class 4 reservoirs listed in the
TORIS database vary significantly by region. While some regions like Oklahoma and California
have been significantly impacted by improved oil recovery, the region with the largest remaining
oil-in-place volume, Texas, has been minimally impacted. The Rocky Mountain region has seen
significant improved oil recovery activity, but the impact on overall production levels is not
obvious. Details concerning improved oil recovery applications within the different regions are
contained in Chapters 3 through 6. The following summary level comments are applicable.

Production from Texas Class 4 reservoirs listed in the TORIS database exhibits the steepest
natural decline of the major regions (Figure 2.12), evidencing a great need for improved oil
recovery applications. Although several improved oil recovery techniques have been applied, past
and current production volumes from improved oil recovery projects have been and are minor
when compared to overall production levels from Texas Class 4 reservoirs listed in the TORIS
database. Techniques that have been applied include reservoir management, steam, in situ
combustion, CO, miscible injection, polymer, and alkaline polymer.
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Figure 2.12 Historical Production for Class 4 Plays in Major
Regions (Source: BPO TORIS, 1994)

Improved oil recovery applications have significantly impacted production levels from
Oklahoma Class 4 reservoirs listed in the TORIS database. Several large polymer projects begun
in the early 1980s not only moderated production decline, but actually increased production levels
(Figure 2.12). Recent applications of reservoir management and infill drilling indicate further
potential exists. Although applicable to a limited area in Oklahoma, thermal improved oil recovery
processes have historically had only minor impact in Oklahoma Class 4 reservoirs.

As expected, considering the concentration of heavy oil in California, steam projects play a
major role in production from California Class 4 reservoirs listed in the TORIS database. About
22,000 BOPD (Moritis, 1992), or nearly all of the regional production from Class 4 reservoirs
listed in the TORIS database, comes from large steam projects in the Mount Poso, Placerita, and
San Ardo fields.
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In Wyoming and the Rocky Mountain region, several improved oil recovery processes impact
production. Polymers and gel polymers for either near-wellbore or in-depth conformance control
are widely applied in the Rocky Mountain region. Although associated production volumes are as
yet small, cyclical CO, stimulation treatments are receiving considerable attention in Wyoming.
Reservoir management techniques have demonstrated value in Rocky Mountain reservoirs.
Improved oil recovery applications need to play an increasing role in the Rocky Mountain region to
offset the recent production declines illustrated in Figure 2.12.
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CHAPTER 3
MAJOR TEXAS STRANDPLAIN/BARRIER ISLAND PLAYS

The strandplain/barrier island reservoirs in Texas represent a significant portion of the Class 4
resource in the country, as defined in the DOE Tertiary Oil Recovery Information System
(TORIS). Most of the Class 4 resource in Texas is found in three significant plays: the Frio
Strandplain and Jackson Barrier/Strandplain Plays along the south-central Texas Gulf Coast, and
the Cretaceous Salt-Related Play in the East Texas Basin. Chapter 3 describes the geologic
characteristics of these three plays and includes discussions of the unique geological context that
leads to hydrocarbon trapping within each play.

The reservoir and production characteristics of the Texas Class 4 plays are summarized in this
Chapter 3 based on the analysis of over 150 reservoirs contained in the TORIS database and
review of the technical literature. This analysis indicates that reservoirs in these plays exhibit good
reservoir quality and recovery, but production has not been significantly impacted by the
application of improved recovery processes, other than waterflooding. Based on the literature
review, the improved recovery processes which have shown favorable results in the Texas Class 4
plays include: infill drilling and CO» injection in the Frio Strandplain Play; in situ combustion and
gas injection in the Jackson Barrier/Strandplain Play; and polymer flooding, alkaline flooding, in
situ combustion, and steam injection in the Cretaceous Salt-Related Play. If technological
challenges can be overcome, significant potential exists for the application of improved recovery
technologies in Texas Class 4 reservoirs (See Chapters 7 and 8).

3.1 Chapter Overview

The Class 4 strandplain/barrier island sandstone reservoirs in Texas have been estimated by the
Bureau of Economic Geology (BEG) to account for 5.5 billion barrels of oil or 12% of the original
oil-in-place (OOIP) in clastic reservoirs in Texas (Tyler, et al., 1984). Texas is a major
contributor to oil production from Class 4 reservoirs listed in the TORIS database. Texas contains
more than 6 billion barrels of remaining oil-in-place (ROIP) in Class 4 reservoirs listed in the
TORIS database. This volume represents over 30% of the ROIP for Class 4 reservoirs listed in the
TORIS database (Table 3.1). As exhibited in Table 3.1, the cumulative recovery is 39% of the
OOIP with ultimate recovery projected at 41% of the OOIP.

CUMULA’I'IVﬁ »

ORIGINAL ULTIMATE REMAINING NUMBER
OIL-IN-PLACE RECOVERY RECOVERY OIL-IN-PLACE OF
PLAY MMEBO MMBO MMBO MMBO RESERVOIRS
FRIO STRANDPLAIN 6,273 2,499 2,637 3,637 88
JACKSON 1,848 596 599 1,249 41
BARRIER/STRANDPLAIN
CRETACEOUS, SALT-RELATED 957 360 438 519 20
SUBTOTAL LARGEST 9,078 3455 3,674 5,404 149
PLAYS
WOODBINE FAULT LINE 638 315 315 323 7
FRIO (BUNA) 278 84 91 186 5
BARRIER/STRANDPLAIN
MISCELLANEQUS 190 80 82 109 6
SUBTOTAL OTHER TEXAS 1,106 478 488 618 18
PLAYS
TOTAL TEXAS PLAYS 10,184 3,933 4,162 6,022 167
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Approximately 90% of the ROIP in Texas Class 4 reservoirs listed in the TORIS database is
contained in three plays: the Frio Strandplain, the Jackson Barrier/Strandplain, and the Cretaceous
Salt-Related Plays. All three plays contain both barrier island and strandplain deposits, but the
geological context that leads to hydrocarbon trapping is unique to each play. The Frio
strandplain/barrier island sands were deposited in an interdeltaic situation with little local sediment
supply. Growth faulting associated with delta development resulted in aggradational or
progradational architectures (Figure 2.10, previously referenced) and provided the trapping
mechanism for many Frio strandplain/barrier island reservoirs. Jackson strandplain/barrier island
deposits occur best-developed in an embayment area well removed from major deltaic deposits. In
this embayment, local sources of sand augmented longshore currents in developing good barrier
island and strandplain reservoirs in which hydrocarbons are trapped in the shallow subsurface in
stratigraphic sand pinch-outs on the landward (updip) side of the deposits. In the East Texas Salt
Basin, barrier island deposits in the Paluxy formation produce from structural traps caused by
movement of the underlying salt. Paluxy strandplain deposits occur west of the Salt Basin, but
production in these deposits is limited. A small amount of oil from the Cretaceous Woodbine
formation comes from strandplain/barrier island deposits, some of which are associated with salt-
related structures.

The ROIP volumes and other average reservoir parameters for the three major plays and all
other Texas plays are presented in Table 3.2. The Texas Class 4 production is primarily light oil
with an average oil gravity of 32° API from moderate depths. The average net pay, porosity, and
initial oil saturation for the Texas plays are 21 feet, 27%, and 69% respectively. The average
reservoir permeability is approximately 850 mD.

RIS 1994
MAJOR PLAYS

JACKSON CRETACEOUS, OVERALL
FRIO BARRIER/ SALT- AVERAGE
STRANDPLAIN STRANDPLAIN RELATED OTHERS VALUES
REMAINING OIL-IN- 3,637 1,249 519 618 1,506
PLACE, MMBO
NET PAY, FT 20 16 25 24 21
POROSITY, % 29 30 22 29 27
I[yNITIAL OIL SATURATION, 70 65 73 68 69
(4

DEPTH, FT 6,170 2,709 5,712 4,935 4,881
PERMEABILITY, mD 1,171 652 571 1,003 849
GRAVITY, ° API 35 - 29 32 33 32
INITIAL PRESSURE, PSI 2,751 1,117 2,411 2,040 2,080
ULTIMATE RECOVERY, % 45 M 43 - 49 43

As exhibited in Table 3.2, the estimated ultimate recovery efficiency for the three major plays
ranges from 34% to 45% of the OOIP. The Frio Strandplain Play has the highest ultimate recovery
efficiency at 45% and the highest ROIP at 3.6 billion barrels of oil. This is followed by the
Cretaceous Salt-Related Play at 43% ultimate recovery efficiency, and the Jackson
Barrier/Strandplain Play at 34% ultimate recovery efficiency. Annual production volumes since
1970 for the three major plays are illustrated in Figure 3.1. The production curves indicate a
steady decline in the productivity of these reservoirs. Independents produce a significant
percentage of the oil from Texas Class 4 reservoirs listed in the TORIS database. Figure 3.2,
which is based on 1991 production data, indicates that 49% of the 1991 production volume was
produced by small independents, followed with 39% by majors, 8% by large independents, and
4% by midsize independents.
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Figure 3.2 Operator Profile for Texas Class 4 Reservoirs (Source:
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Historical improved oil recovery activity in Texas Class 4 reservoirs is summarized in Table
3.3. Nine of the 20 projects were in the Cretaceous, Salt-Related Play; of these, two-thirds were
thermal projects. All six projects in the Frio Strandplain Play were CO, miscible injection projects.
Polymer and alkaline-polymer projects have been conducted in the Cretaceous Salt-Related Play.

NO. OF PROJECTS
TORIS | NO.OF INSITU
ROIP | FELDS | POLYMER | CHEMICAL | COMB. | STEAM | GAS | TOTAL

FRIO STRANDPLAIN 3,637 3 6 6
JACKSON 1,249 2 1 1 2
BARRIER/STRANDPLAIN

CRETACEOUS, SALTRELATED| 519 5 1 1 3 3 1 9
OTHER 618 2 1 2 3
TOTAL TEXAS CLASS 4 6,022 12 2 1 6 3 8 20

3.2 Frio Strandplain/Barrier Island Play
3.2.1 Geology

Frio production in Texas (Figure 3.3) comes from both fluvial-deltaic and strandplain/barrier
island sands. The main area of Frio Class 4 strandplain/barrier island sand oil production begins in
Kleberg County, along the south Texas Gulf Coast, and extends in a 50-mile-wide trend,
paralleling the Gulf Coast to the northeast, ending at the junction point where Brazoria, Fort Bend,
Wharton, and Matagorda Counties meet, about 30 miles southwest of Houston. South and west of
Kleberg County, the strandplain/barrier island Frio sands give way to units deposited in the Rio
Grande Embayment in a fluvial-deltaic Frio environment (Figure 3.4 and Figure 3.5).
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Around Houston, the structural environment changes, with the presence of a second large
embayment. Within this Houston Embayment, thick salt deposits accumulated during the
Mesozoic Era, and a deeper water depositional environment prevailed during Frio deposition.

A second, small, localized Frio (Buna) Strandplain/Barrier Island Play is located northeast of
the salt dome area, along the Louisiana border. The area of this development is limited, and the
reserves here are much smaller than in the main Frio play to the southwest.

The Frio sandstones were formed as shoreline or strandplain deposits and offshore barrier
islands in an interdeltaic area along the Oligocene coast of the Gulf of Mexico. Most of the
sediments from inland Texas were dumped into the Rio Grande or Houston Embayments during
the period of Frio deposition, and there was little local sediment influx to this interdeltaic coast.
The Gulf of Mexico is a restricted body of water, with lower wave energies than an open ocean,
and there was a low, or micro-tidal range (less than 3 feet) along the coast where the Frio was
being deposited (Galloway and Cheng, 1985).

Growth faulting along the margin of the Gulf of Mexico was very important in controlling the
Frio depositional pattern. A series of active, down-to-the-Gulf, faults (Figure 3.5) had a strong
influence on the shoreline position during the deposition of the Frio sands, both in the main trend
and in the area along the Louisiana border. The Vicksburg and Frio Fault Zones were both active
as the Frio was being deposited in the main trend area. Minor, local faults are seen in the Frio-age
strandplain/barrier island deposits along the Texas/Louisiana border.

The Vicksburg and Frio Fault Zones follow the San Marcos Arch. As the Houston
Embayment sank rapidly to the northeast and the Rio Grande Embayment subsided to the
southwest under a deltaic sediment load, the arch area remained relatively stable, sinking
comparatively slowly. Frio shorelines tended to remain in place above individual, deep-seated,

. faults for relatively long periods of time. This allowed thick aggradational sands to accumulate
under good conditions for the formation of reservoir rock. In many cases, multiple Frio sands
stacked, one above another, producing patterns where a single well could encounter numerous
payzones within a short interval of Frio. Many of the barrier islands, through time, grew upward
and shifted position seaward, forming broad, tabular sand bodies.

As movements occurred on the deep-seated faults over time, tabular reservoir-sand bodies were
warped into small rollover anticlines, and/or broken by small shallow faults into separate pockets.
In these sediments, oil tends to be found in structural traps in the massive, relatively-clean, well-
developed, Barrier-Core sands, or in smaller stratigraphic traps in the thin, more-discontinuous,
shoreface and fore-barrier sands and in updip back-barrier sands.

3.2.1.1 Geologic Characteristics

Individual Frio sand bodies tended to be deposited as linear sands, elongate bodies, parallel to
the coastline. The sands are typically well-sorted, with good to excellent potential recovery
efficiencies. Individual barrier cores generally terminate abruptly along strike, where they have
been cut off by tidal inlets. While these strandplain/barrier island reservoirs could be expected, in
theory, to form a series of long, linear, strike-parallel, reservoirs, in actuality, the typical Frio sand
morphology is much more complicated.



Once Frio strandplain/barrier island complexes formed, tectonic movement caused the
depositional setting to gradually change. The Frio Coast slowly subsided and additional sediment
reached the coast from local rivers and longshore currents, causing the beaches and barrier islands
to build upward and shift seaward or landward. In most cases, the Frio sands advanced into the
Gulf, i.e. they were generally progradational (Figure 2.10A, previously referenced). In periods of
near-stability, the beach would aggrade (Figure 2.10B, previously referenced). During periods
when the coast was not receiving sufficient sediment to balance the subsidence, barrier islands and
strandlines were often destroyed by storms and day-to-day microtides.

The Frio Coast subsided at varying rates over time. Eustatic sea level did not remain constant.
Tidal inlets shifted laterally with time, and occasional storms breached barrier islands. As a result,
the barrier islands seldom built straight upward for any prolonged period of time. Barrier island
deposits had a tendency to migrate laterally, seaward or shoreward, over time. In this way, many
of the linear barrier-sand bodies evolved, into broad, widespread, tabular bodies. Tabular sand
bodies are not as regionally extensive as sheet sands. Most Frio sand field maps today show
elongate productive areas, several well spacings wide.

The best Frio reservoirs occur in the massive, Barrier Core sands. These units can form long
trends, producing large pools; although a series of thinner, more irregular strandplain deposits can
also form good-quality reservoirs. A number of isolated producing zones can often be found
within seemingly continuous, uniform sands. Maps may show laterally continuous units, which
could be expected to drain in uniform patterns, but tidal inlets frequently truncate sands at unlogged
points, or form barriers that inhibit lateral fluid flow. Internal bedding structure and discontinuities
also produce permeability barriers within the sands that may not be recognized on logs unless the
wellbore fortuitously encounters them. .

3.2.1.2 Reservoir Models and Major Controls on Production

The internal structure of strandplain/barrier island sands is complex. Permeabilities in Barrier
Core deposits are generally quite high, frequently exceeding 1 Darcy over broad areas, and they
may be as high as several Darcies in the best reservoirs. Isopermeability contours follow the strike
of the units. Barrier Core sands tend to be relatively homogeneous, with internal structural trends
and depositional discontinuities dipping seaward.

In tidal inlets, the bedding is much more complex, with extensive crosscutting, scour
structures, and cut and fill. Permeabilities can be high, but high-permeability zones tend to be
local, generally concentrated at the base of an inlet fill. The best permeabilities within an inlet
deposit seldom exceed 1 Darcy.

Back-barrier, lagoon and tidal delta deposits each add their own complexities to the
depositional picture. These are all relatively low-energy settings, and in each case, traces of mud
are common, either as impermeable layers or coatings, or as significant shale pockets. Clay and
shale coatings or layers can create either minor bedding discontinuities with slightly decreased
porosity and permeability, inhibiting the migration of oil, or they can create major barriers,
isolating separate reservoirs within a single sand body. Some of these barriers can be difficult to
detect if a well has not been drilled at exactly the right location.: The low-energy, back-barrier
deposits tend to be heterogeneous, highly unpredictable, and erratic, with a wide range of
permeabilities. Most permeabilities in such units will be low, and any pockets of porous sands
will generally be too restricted in size to provide commercial interest.

In many areas, the Frio sands are faulted and broken into smaller units. Detailed fault-mapping
is important in understanding individual reservoir limits, and in predicting drainage patterns.
Single, large sand bodies may produce as several isolated reservoirs. Sophisticated logging
techniques, analysis of production patterns and pressures, and more detailed mapping can help
determine the limits of various producing units.
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3.2.2 Production Characteristics

The Frio Strandplain Play has the highest ROIP (3.6 billion barrels of oil) among all the Class
4 plays in Texas. Net pay averages 20 feet. Initial oil saturation averages 70% with an average oil
gravity of 35° API. Porosity is 29% with an average permeability of 1,171 mD, higher than other
Texas plays. The weighted-average porosity for the Frio has been reported as 27% (Tyler, et al.,
1984). Weighted-average permeability along the main Frio trend is 795 mD. In the northeastern
area along the Louisiana border, the weighted-average porosity increases to 29%, and the
weighted-average permeability increases to 1,535 mD. Reservoir depth averages just over 6,000
feet.

Oil recovery in the Frio is generally quite high, with good potential for improved oil recovery
operations. The average recovery efficiency for the largest strandplain/barrier island reservoirs
was 53% (Tyler, et al., 1984). Weighted recovery efficiencies in these plays was 50%. These
numbers may be exceptional, however. A separate study (Dutton and Garrett, 1985) of smaller,
older, fields that had already been abandoned showed that the average recovery efficiency for those
reservoirs had only been 43%. At the Texas/Louisiana border area, the Buna Play had a 37%
average recovery efficiency (Dutton and Garrett, 1985), despite high porosities and permeabilities.
Lower recoveries may reflect lower levels of attention and development. There was little indication
of any advanced reservoir engineering or of many attempts at improved oil recovery operations in
those fields. Pressure maintenance or water injection had been attempted at only a few of the
fields.

The Frio Strandplain Play consists of 88 reservoirs. Of these, 44 are major reservoirs that
have produced over 10 million barrels of crude oil as of 1981 (ICF and BEG, 1990). These
reservoirs account for an estimated 4.2 billion banels of OOIP or 67% of the total estimated OOIP
in the play.

Water drive is the prevalent source of reservoir energy. On the eastern and western margins of
the play, however, gas-cap or solution-gas drives can accompany or supersede the water drive
(Galloway, et al., 1983). Secondary recovery has been largely limited to pressure maintenance by
water and gas injection.

More detailed mapping, with special attention to the identification of fault barriers, tidal inlets,
and subtle permeability changes may lead to recovery of a considerable quantity of mobile oil in
this play.

3.2.3 Improved Oil Recovery Projects

Two improved oil recovery (IOR) techniques have been applied in the Frio Strandplain Play:
CO, miscible injection and infill drilling. Texaco conducted six CO, miscible injection projects in
the early 1980s. Although results were encouraging, these projects were not continued long-term.
Considerable effort has also been spent defining infill drilling potential in the Frio Strandplain
Play.

Texaco conducted CO, miscible projects in the Magnet Withers, Pickett Ridge, and Withers
North fields. Table 3.4 summarizes the reservoir characteristics by field for these projects. In the
Magnet Withers field in Wharton County, Texaco conducted one- and 27-well projects. Peak
production from the larger project was 576 barrels of oil per day (BOPD). Similar CO, injection
projects were conducted by Texaco in the early 1980s in nearby Pickett Ridge and Withers North
fields. The projects in all fields were technically successful and economically promising.
Suspected reasons for the projects not being continued were lack of an available CO, source
combined with declining oil prices.
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PICKETT
MAGNET WITHERS WITHERS NORTH RIDGE
NO. 1 NO. 2 NO. 1 NO. 2 NO. 3

START DATE 1983 1984 1983 1983 1984 1983
SIZE, ACRES 40 1,265 220 360 - 726
NO. WELLS 1 27 3 5 10 6
DEPTH, FT 5,500 5,400 5,250 5,360 5,100 4,600
POROSITY, % 23 23 26 25 25 30
PERMEABILITY, mD 1,700 1,700 1,050 400 1,000 1,200
API GRAVITY 26 26 26 25 26 25
PEAK PROJECT 10 576 21 200 319 109
PRODUCTION, B/D

Infill drilling offers significant potential for recovering the unrecovered mobile oil (UMO)
resource from oil reservoirs in the Frio Strandplain Play. An infill drilling study conducted for the
Department of Energy (ICF and BEG, 1990) contrasted reserve addition potential using three infill
drilling scenarios: (1) play-wide blanket infill drilling, (2) selective reservoir-wide infill drilling,
and (3) strategic or geologically-targeted infill drilling.

Reserve addition potential from geologically-targeted infill drilling considered the facies
distributions in different reservoirs and facies continuity functions. Reservoir facies distributions
were estimated from net sand maps, cross sections and type logs. Facies continuity functions were
based on facies continuity observed in the 41-A reservoir in the West Ranch field, a major Frio
strandplain/barrier island reservoir. Figure 3.6 illustrates facies continuity functions for the
predominant facies (Barrier Core, back-barrier, and Tidal Inlet) and a combination or weighted
function considering the relative volumes of the different facies. Facies with steeply declining
curves require closer well spacing patterns to arrive at high pay-continuity values. The pay-

continuity functions indicate that the back-barrier facies exhibits the greatest reservoir
heterogeneity, the barrier core facies (lagoonal facies of this report) exhibits the least heterogeneity,
with the Tidal Inlet facies heterogeneity intermediate between the two.
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Figure 3.6 Pay Continuity Functions for Major Facies of the West
Ranch Field 41-A Reservoir, a Class 4 Reservoir in the

Texas Frio Play (Source: Hall and Bauman, 1973)

Reserves from infill drilling were calculated as a function of oil price for the three drilling
scenarios. Play-wide incremental reserves are summarized in Table 3.5. In all cases, geologically-
targeted infill drilling recovers significantly more oil than blanket infill drilling. As oil price rises,
incremental reserves from selective reservoir-wide drilling approach those recovered with strategic

infill drilling. However, even though incremental reserves are nearly the same, costs per barrel

with geologically-targeted infill drilling are about one-half those experienced with selective
reservoir-wide drilling. Regardless of oil price, costs per barrel are

targeted infill drilling.
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@ $10/BBL @ $20/BBL @ $30/BBL
MMB BCF MMB BCF MMB BCF
BLANKET FIELDWIDE 90 50 120 65 130 75
SELECTIVE RESERVOIR- 115 60 190 100 240 125
WIDE
GEOLOGICALLY-TARGETED 150 80 215 110 245 130

3.3 Jackson Strandplain/Barrier Island Play

3.3.1 Geology

Various Jackson Group sediments were deposited along the Texas Gulf Coast during Upper
Eocene time from the Louisiana border to the Rio Grande. In East Texas, most of these sediments
were fluvial or deltaic. A strandplain/barrier island system (Figure 3.3, previously referenced) was
deposited along the South Texas portion of this trend inland from the Frio barrier deposits.

The area from the Sabine River at the Louisiana border through the Houston Embayment was
dominated by the Jackson-age Fayette fluvial-deltaic system. Longshore currents carried
sediments from this Fayette delta southwestward, along the coast, building strandplains and barrier
islands along the sea coast over the San Marcos Arch. In the central Arch area, this barrier system
appears to have been narrow and relatively poorly developed. In the area of the Rio Grande
Embayment, the strandline and barriers widened out and became better reservoirs.

Jackson hydrocarbon production begins in Texas at the Rio Grande River, and runs in a 35-
mile wide band through Starr and Zapata Counties. The trend widens to over 50 miles in the heart
of the active Embayment area in Jim Hogg, Webb, and Duval Counties. The productive zone
narrows again to the northeast in Live Oak, Bee and Karnes Counties, and dies out in Goliad and
De Witt Counties. Although the Jackson strandplain/barrier island sands are widespread, the
majority of Jackson oil production has been found in Zapata, Webb, Jim Hogg and Duval
Counties.

The Jackson environment of deposition was quite similar to that which had prevailed in the
region during Frio time (Figure 3.7). A large fluvial-deltaic system was building in the Houston
Embayment, with the influx of large quantities of sand and mud. Southwest of this delta, the coast
overlay the more stable San Marcos Arch, which was subsiding much more slowly than the
embayment area. Local sediment input was minor along the central strandplain/barrier island coast.
Sands were carried down the coast to the southwest from the Fayette delta by longshore currents.
Major delta development in the Rio Grande Embayment area did not occur during Jackson time;
however, sufficient additional sandy sediments were available for better beach/barrier development
than along the central San Marcos Arch (Figure 3.8). A series of faults, the Wilcox Fault System,
was active under the Jackson strandplain in the Rio Grande Embayment.
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The creation of a high-quality hydrocarbon reservoir requires a careful balance of depositional
and diagenetic parameters. During Jackson time, conditions were less than ideal for the formation
of a future oil reservoir along the central San Marcos Arch. The type of sediment input, the current
conditions, and shoreline stability were not optimal at that time.

In the Rio Grande Embayment, conditions were more favorable. Additional local sediment
supplies and subtle influences of the embayment tectonics, along with movement patterns on the
Wilcox Faults, caused thicker, cleaner sands to accumulate producing better potential reservoirs.
Active growth faults tend to lock the coast at a single position, causing thicker sands to accumulate.
Sands tend to be thickest on the downthrown-side, up against the faults, with the faults providing
traps for hydrocarbons.

As the coast in the Rio Grande Embayment region slowly sank, growth-fault movement on the
Wilcox System caused the beach fronts and barrier island locations to stabilize for long periods of
time. With relatively stable strandlines, sands could build up to substantial thicknesses. With
greater amounts of sediment reaching the embayment, beaches and barrier islands prograded,
forming relatively thick, relatively widespread, tabular sand bodies. These parameters came closer
to matching those that had prevailed in the best Frio reservoirs. With a sufficient amount of
relatively coarse sediment and stable coasts controlled by growth-faulting, good reservoir units
were able to form in the Rio Grande embayment during Jackson time.

3.3.1.1 Geologic Characteristics

The best Jackson reservoir sands closely resemble the Frio reservoirs. They were initially
deposited in long, linear trends parallel to the coastline; however, over time, by a process of
progradation and aggradation, the sand bodies developed into relatively wide tabular sands. The
best reservoirs are found in barrier island deposits. These barrier sands are well-sorted and have
high rates of oil recovery. Most of the Jackson oil fields parallel the regional coast, but in the
northern portion of the Jackson trend, individual tabular sand bodies tend to climb section both to
the land-side and to the north. Thus, recognizing north closure can become important in the
northern sections of the Jackson trend.

Prospecting and field development require careful interpretation of the geology and sand
development. The main sand trends are frequently cut off along trend by tidal inlets. The locations
of these tidal inlets changed over time. They frequently shifted from one location to another during
large storms.

In addition to the major barrier core sands, there are a number of smaller, less productive,
stratigraphic-pinch-out traps which formed on the strandplain shoreface and on fore-barrier and
back-barrier slopes. These units tend to occur as thin sheets of limited extent. Laterally, they
pinch-out into finer-grained units and shales.

The best reservoirs in the Barrier Core sands tend to be on structurally high areas. Many of
these reservoirs occur high on rollover anticlines or against faults. In the thin shoreface and
barrier-face deposits, oil is generally found in the updip regions, trapped against stratigraphic
pinchouts where the sands give way to shaly units.
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3.3.1.2 Reservoir Models And Major Controls On Production

The main Jackson reservoir model matches that of the previously described Frio sands. The
high-energy setting along the barrier islands created the best reservoir sands. These bodies are
elongate parallel to the paleo-coast. Thick, massive sands formed in the core-zones of the barrier
islands. Thinner, less-continuous sands were deposited on the faces of the bars, and along the
strandline/beach-face area. Tidal inlets, channels, and washover fans cut across the barriers at
irregular intervals. Lagoons containing finer-grained sediments occupied the area between the
barriers and strandlines.

Logs taken through the main barrier-core sands show apparently uniform, clean, massive
sandstones. Production experience in these reservoirs indicates that the sands are not as
homogeneous as they appear. Single, massive sand bodies may contain two or more isolated
productive units. Impermeable zones can create multiple reservoirs within a single sand.

Smaller, more-localized reservoir sands were deposited on the seaward and landward sides of
the strandline and barrier island deposits. These units may appear unimpressive at first look, but
may be quite productive. The majority of Jackson oil production comes from a series of eight to
ten sands. The reservoir zones generally lie along the updip pinch-outs of the sands.

Within the barrier islands, the bedding and structure generally appear to be relatively simple.
Electric logs and cores show subtle crossbed structures that appear to be poorly developed. They
generally appear to dip uniformly toward the open waters of the gulf. Lithologic features and
structures within these massive bodies are generally difficult to distinguish and appear to be
insignificant. Despite apparent homogeneity of oil-production parameters and reservoir quality,
histories show that there are many subtle zones with restricted permeability that act as barriers
within the massive Jackson sands. Good logging tools and experience in interpreting the subtleties
on the log suites can improve results in such reservoir units. .

The difficulties in identifying the various reservoir compartments within the sand bodies are
due to the minor clay/shale coatings deposited in the normal beach/barrier setting and to the
randomness of tidal inlets, and their small size. It is easy to map long, large barriers as continuous
features along the coast without recognizing inlet deposits in the intervals between oil wells.

Production generally occurs along stratigraphic pinch-outs within the Jackson. Some of these
pinch-outs occur surprisingly close to the outcrop of the formation in south Texas. Production can
be as shallow as 150 feet below the surface as in Starr County. Over 50 recognized sands have
been described within the Jackson. A stratigraphic "pinch-out" may be the location where the sand
actually ends or may represent the area where sand can still be seen on well logs but where
permeability drops too low for continued oil migration and production.

As described in the Frio section, small reservoirs can be found in the areas adjacent to the
main barriers, but these deposits are generally not prolific or extensive. Many of these shoreface
and lagoon-area fields may be one-well pools. In the area of barrier island sands, fringe wells on
the land side of the main trend may cut multiple sands. Down-dip toward the Gulf, these sands
may merge. This means that a landward well may penetrate two, three, or four thin sands, while a
well drilled several miles to the east can cut one massive sand which is continuous with the
multiple updip sands.
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3.3.2 Production Characteristics

The majority of Jackson strandplain/barrier island oil production was originally discovered and
developed in the 1920s. Only two reservoirs have been added to the known Jackson reserves
since 1940. Most Jackson reservoirs have been found in the shallow subsurface, relatively near
outcrops, and have been abandoned or are nearing depletion.

Almost 300 productive oil and gas fields are in the Jackson trend (Fisher, et al., 1970). This
number includes both small one-well fields and many fields that have been drilled primarily for
natural gas, not oil. Approximately 50 of these fields were large, capable of producing in excess
of one million barrels of oil. Ten fields have already passed the 10 million barrel mark in oil
production. The World War II era marked the heyday of Jackson activity.

The best Jackson oil production has come from fields in the counties in the Rio Grande
Embayment. The better fields tend to be either in the center or on the landward-side of the trend.
Barrier-face deposits on the Gulf side of the trend tend to be poorer in total and recoverable
reserves. In the better fields, wells can be expected to produce between 10,000 and 20,000 barrels
of oil per acre (Fisher, et al., 1970). Most of the recent Jackson activity has centered on
exploration in peripheral areas surrounding the main strandplain/barrier island trend. Many of the
newer fields are relatively small, with lower amounts of recoverable oil. For the 41 Jackson
strandplain/barrier island reservoirs listed in TORIS, ROIP is 1.25 billion barrels and ultimate
recovery efficiency is 34%. This ultimate recovery is based on a reported OOIP of 1.85 billion
barrels of which approximately 0.6 billions barrels have been recovered.

Average Jackson reservoir depth is 2,700 feet and average net pay thickness is 16 feet.
Analysis of TORIS database reservoir parameters indicates that reservoirs of the Jackson Play have
a porosity of 30% with an initial oil saturation of 65% and an average permeability of 650 mD.
The weighted-average recovery efficiency calculated for the Jackson is 39% (Fisher, et al., 1970).
The weighted-average porosity for the play is 31%, and the permeability is 1,103 mD.

3.3.3 Improved Oil Recovery Projects

The Jackson barrier/strandplain reservoirs of this play produce mainly by solution-gas drive.
For this reason, waterflooding has frequently been used to improve recovery. Use of tertiary
recovery processes, including steamfloods, miscible floods, and microemulsion floods is also
reported (Galloway, et al., 1983).

In 1962, Mobil started an in situ combustion project in the North Government Wells field
located near Freer, Texas. This Jackson-age reservoir occurs at an average depth of 2,320 feet.
Gross thickness of the sand is approximately 60 feet of which as much as the upper 30 feet, in
some instances, is considered to be oil productive. The oil in the reservoir has a viscosity of 10 cP
and a gravity of 22° API. The permeability and porosity of the targeted reservoir are reported at
800 mD and 32%, respectively (Casey, 1969).

At the time of ignition, the project area was producing with a water cut of 98%. By 1969,
approximately 500,000 barrels of incremental oil had been recovered. Generally, all of this oil was
produced ahead of the burning front. Of the 13,100 acre-ft which comprise the reservoir,
approximately 1,000 acre-ft were encompassed by the burning front. Once the burning front
passed by the production wells, they were converted to water injection wells to provide added
control to the direction of movement of the burning front. In this process, oxygen utilization was
excellent; only 12% of the oxygen injected was lost to low temperature oxidation.
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Very few problems generally associated with thermal recovery operations, such as excessive
erosion, emulsification or sand influx were observed in this project. However, problems were
encountered when attempts were made to produce wells after the burning front reached the well.
As aresult of this project, it was learned that, in reservoirs having relatively light crudes, little oil
will be recovered after the burning front reaches the well.

A gas injection project was also initiated in the Randado field in 1945. Results from this
project were not reported. The field is located 26 miles southwest of Hebbronville in Jim Huff
County, Texas. The field was discovered in 1926. Reservoir properties indicate a permeability of
2,300 mD and a porosity of 29%. The produced oil has a viscosity of 39 cP and a gravity of 20°
API. The complex stratigraphy of the sand bodies offers significant opportunities for infill drilling
(Galloway, et al., 1983). In addition, a large volume of oil remains as a tertiary recovery target.

As with the Frio, improved exploration, development, production, and recovery from the
Jackson will require better understanding of the individual sands and their permeability patterns.

3.4 Cretaceous, Salt-Related Plays

3.4.1 Geology

In addition to the strandplain/barrier island sandstone production discussed above, the Class 4
reservoirs in Texas include a series of Cretaceous-age strandplain/barrier island reservoirs in the
East Texas Basin. This basin was a salt depocenter during the Jurassic Period. Within the Basin
itself, are two main salt-related oil plays in sandstones and one mixed strandline/barrier island-
sandstone-strandline carbonate reservoir. On the flanks of the basin, strandplain sandstones of
Cretaceous age have yielded minor amounts of hydrocarbons.

The East Texas Salt Basin (Figure 3.8, previously referenced) is a structural depression in the
northeastern corner of Texas, located between the Ouachita Fold Belt and the Sabine Arch. The
main area of salt accumulation begins in southern Hopkins, Franklin, and Titus Counties and
extends, in a 50-mile-wide belt to the south, through western Upshire into Smith County. The
western limit of the salt accumulation runs through the center of Henderson and Van Zandt
Counties. The southern end of the basin was open to deeper water during the Jurassic. The salt-
related plays occur within the low where Jurassic-age salts have built up considerable thickness.

The deepest Cretaceous-age, salt-related production comes from Glen Rose formation clastics
and carbonates. Most of the salt-related, barrier-island sandstone production is found in the
overlying Paluxy formation (Figure 3.3, previously referenced). The Cretaceous carbonate units
were generally deposited in deeper water or quieter portions of the basin. The sandstones
accumulated during periods of greater clastic influx, and formed part of a massive barrier island
complex off the Paluxy coastline. The East Texas Salt Basin was bordered on the west by a
Paluxy-age strandplain. This strandplain has very limited oil production. During Upper
Cretaceous time, Woodbine sands were deposited along a barrier complex south of the main basin
area (Figure 3.3, previously referenced). Most of this Woodbine production does not classify as
salt-related.



3.4.1.1 Geologic Characteristics

The East Texas Basin subsided rapidly from Jurassic through Cretaceous time. Especially
thick salt deposits accumulated during the Jurassic in Wood County, and to the south along the
Smith-Van Zandt and Smith-Henderson county lines. These same areas were covered by relatively
deep waters during much of Glen Rose time in the Cretaceous. By Paluxy time, the basin had
been largely filled in and a barrier-island system extended east-west across these counties. To the
west, clastic sediments were being deposited on a Paluxy strandplain which extended from
Grayson and Cooke Counties on the north to western Navarro County, and on to the south. These
strandplain deposits outcrop along their western margin.

Salt masses had been buried well below the surface of the East Texas Basin during the Jurassic
Period. These salts had been gradually shifting their position over millions of years. In many
spots, the salts had risen into pillars and domes. In others, the amount of movement had been
minor, forming low salt pillows, ridges or turtle-shaped masses. The tectonic activity around the
salt domes was too extreme for the formation of good quality reservoirs in the Cretaceous
formations. The more moderate salt structures, the pillows and turtle-shaped masses, produced the
proper setting for the creation of oil traps.

During much of Glen Rose time, the center of the East Texas Basin was receiving minimal
clastic influx. At times, greater amounts of sediment washed into the basin, and sands were laid
down in the central portions of the basin. The Glen Rose sediments were a mix of clastics and
carbonates.

By Paluxy time, the basin that had been covered by relatively deep water during the deposition
of most of the Glen Rose formation had been mostly filled with sediment and the coastline had
shifted to the south. Sediments were washing into the basin via a series of rivers from source
areas to the north. Paluxy fluvial-deltaic sediments were deposited in a broad band along the
modern Red River on the Texas-Oklahoma border (Caughey, 1977). To the south within Texas, a
lagoonal environment covered the area in an east-west band from Hopkins County eastward into
Louisiana.

The central portion of the East Texas Basin was buried under a broad, well developed barrier-
island system. Paluxy strandplain/barrier island deposits extend from central Ellis and Dallas
Counties and southeastern Collin County in a 50- to 80-mile-wide trend to the east into Louisiana.
The low salt structures beneath the basin helped to create good reservoirs within these sands.
Following lithification, the Paluxy barrier island sands settled over these salt cores. A series of
folded and faulted anticlines formed, and oil has migrated into these local highs creating a series of
structurally controlled reservoirs. In many of the fields, oil is trapped against internal faults.
Production from this portion of the Paluxy requires a good understanding of the tectonics of the
underlying salt structures.

West of the barrier island complex, the Paluxy forms a 50-mile-wide strandplain belt. This belt
runs north-south from Oklahoma into central Texas just downdip from the Paluxy outcrop. The
Paluxy has generally not been productive along this trend. The sands in the strandplain lie west of
the main salt basin and have not been significantly influenced by salt tectonics.

Above the Paluxy, the Upper Cretaceous Woodbine formation produces oil. A portion of this
production comes from strandplain sands. Most of this production lies outside the East Texas
Basin and is from non-salt-related stratigraphic pinch-outs. Some limited production on the
southern margin of the basin does occur on a series of salt-related structures.

3-20



The Woodbine deposits include a complex series of deltaic, strandplain, and deeper-water shelf
sands. The main strandplain sands stretch through Smith, Wood, and Hopkins Counties, to Van
Zandt and Rains Counties. Strandplain production is limited to Wood and Van Zandt Counties
(Oliver, 1971). The Woodbine reservoirs occur high on salt structures, against salt-related faults,
and in stratigraphic, pinch-out traps on the flanks of salt-related structures.

3.4.1.2 Reservoir Models and Major Controls on Production

The salt-related Lower Cretaceous production in the East Texas Basin is scattered, the result of
a combination of highly specific conditions in an area with unusual tectonic activity. The Glen
Rose sediments were laid down in a tectonically quiet setting. Sands were interbedded with oolitic
limestone and occasional reef growths. Dolomitic zones formed in disturbed areas with folding
and faulting.

Post-depositional compaction and settling of the sediments led to the formation of low,
anticlinal structures, often with faulting along the flanks or crest. Production from the Glen Rose
units comes from the higher portions of the salt-cored structures. Traps are variously stratigraphic,
against updip sandstone or dolomite pinch outs, or structural, against faults.

A large Paluxy barrier island deposit formed across the East Texas Basin. Sediment patterns
and production characteristics in these sands mirror those in the Glen Rose barrier systems. Traps
within the massive sands are against the limits of the sand, or against permeability barriers and/or
faults:within the units. Reservoirs in close proximity to one another can be isolated with separate
water Jevels and unique production characteristics and histories.

The Upper Cretaceous Woodbine sands have produced large amounts of oil, but only a limited
amount of this oil has come from salt-related structures and strandplain or barrier-island sands. A
series of Woodbine strandline sands are productive in Van Zandt and Wood Counties where the
sands have draped over salt cores. The oil is coming from both structural and stratigraphic traps,
along pinch-outs, high on structure and against faults.

3.4.2 Production Characteristics

The Cretaceous, Salt-Related Play contains 8.6% of the total ROIP for Texas Class 4
reservoirs listed in the TORIS database. OOIP and ROIP are 957 and 519 million barrels
respectively corresponding to an estimated ultimate recovery factor of 43% of the OOIP. For those
reservorrs listed in the TORIS database, reservoir depth averages about 5,700 feet. Average net
pay is 25 feet, and permeability and porosity average 570 mD and 22%, respectively. Oil gravity
averages 32° API. During primary, reservoirs produced by water and solution-gas drive.

Most (80%) of the Cretaceous salt-related strandplain/barrier island sandstone production is
expected to come from Paluxy formation reservoirs (Galloway, et al., 1983). Wells through the
Paluxy generally intercept multiple pays. Multiple-reservoir zones can be encountered within a
single, massive sand, due to internal permeability barriers. The proximal or near-shore (northern)
barrier sands often range between 40 and 100 feet in thickness. To the south, the distal or farther-
offshore Paluxy barrier sands generally are between 3 and 60 feet thick.

Proximal barrier island deposits are expected to yield 64% of the recoverable Paluxy oil.
Depths of the proximal sands range from 4,500 to 6,800 feet, with most of the production coming
from the deeper units. Traps are usually high on anticlines or against faults. Most reservoirs are
relatively clean, containing little shale and fine- to medium-grained sands. Reservoir units are
separated by shales and mudstones. Individual reservoir thicknesses generally are between 10 and
55 feet. Aggregate thicknesses can be from 100 to 250 feet, plus.
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The distal Paluxy reservoirs range from 2,500 to 9,500 feet in depth. Most distal reservoirs
are between 3 and 50 feet in thickness with thicker sections of silts and interbedded mudstones.
Sand sizes are generally fine. Reservoirs form both on structures and at stratigraphic pinch-outs.
The distal sands produce a mixture of oil, natural gas, and condensate.

3.4.3 Improved Oil Recovery Projects

Tertiary recovery processes were implemented in several reservoirs of the Cretaceous Salt-
Related Play in Texas. Polymer flooding, alkaline-polymer, in situ combustion, and steam
flooding projects have been conducted in the play (Table 3.6).

3.4.3.1 Polymer Flooding

In 1980, Sun E&P Co. initiated a polymer injection flood at Hitts Lake field in Smith County,
Texas after successfully identifying a suitable polymer through laboratory studies. The field was
discovered in 1953, and 35 wells were completed in the Paluxy at an average depth of 7,200 feet.
The field produced 30% of the OOIP by primary recovery, and attempts to enhance recovery
through waterflooding and gas injection failed. The polymer flood project started by injecting
fresh water to provide a buffer between the polymer and reservoir water. The polymer solution

was free of oxygen, bacteria, and iron before injection into the wells.

IN SITU

STEAM
POLYMER ALKALINE-POLYMER - COMBUSTION CAMPHILL
HITTS LAKE ALBA SUBCLARKSVILLE FORESTHILL | ENERCAP PROJECTS
PALUXY { MITCHELL ENERGY PROJECTS HARRIS

ORYX (SUN) | ALBA SEFB ALBANE | GREENWICHOLL | NO.1 NO.2
START DATE 1980 1972 1980 1976 1989 1990
SIZE, ACRES 716 731 410 1,900 25 33
NO. WELLS 26 22 12 121 37 46
DEPTH, FT 7,301 4,200 4,100 5,000 400 425
POROSITY, % 19 23 21 28 37 37
PERMEABILITY, mD 300 525 471 950 2,500 2,500
GRAVITY, ° API 26 16 15 10 18 18
EOR PRODUCTION, 612(peak) 140 69 400 300 NA
BOPD

At Hitts Lake field, polymer was injected as an emulsified concentrate made up of one-third
each of polymer, water, and kerosene. The polymer was selected based on the following criteria:

* Maximum molecular weight compatible with Paluxy reservoir rock;

* Maximum viscosity generated at reservoir conditions; and
» Ease of handling
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The polymer storage tank contained a small agitator to prevent gravity segregation. Samples of
injected fluid were gathered at the injection wellhead to ensure that the properties of the mix were
as specified (Bleakley, 1985). Efforts were made to ensure injectivity and uniform distribution of
the injected fluid throughout the productive interval. The injection wells were acidized and
fractured as needed, and casing was perforated with 12 shots per foot as a further move to reduce
shearing damage to the polymer.

As a result of the polymer flood, the total field production increased from 400 to 900 barrels of
oil per day (BOPD). In 1984, the incremental oil recovered was in excess of 150,000 barrels and
the economics were reported to be very favorable (Greaves, et al., 1984).

3.4.3.2 Alkaline-Polymer Projects

Mitchell Energy has conducted alkaline-polymer projects in two units, the Alba SEFB and Alba
NE Units, in the Subclarksville reservoir in the Alba field (Table 3.6, previously referenced).
Higher acid contents in the 15° to 16° API gravity crudes favored application of the alkaline-
polymer process. The 22-well Alba SEFB project began in 1972; the reported production volume
due to the alkaline-polymer process was 140 BOPD in 1992 (Moritis, 1992). Alkaline-polymer
production response in the smaller (12 well), later (1980) Alba NE project was 70 BOPD in 1992.

3.4.3.3 In Situ Combustion

In situ combustion using oxygen-enriched air is another enhanced oil recovery process applied
in the Cretaceous Salt-Related Play. Oxygen-enriched air was injected in the Forest Hill field in
Wood County, Texas. Over the course of the 2-year test, the injection rate varied from 200 to 300
MSCEF per day, the injection pressure varied from 1,750 to 2,500 psig, and the oxygen
concentration in the injected gas ranged from 21 to 90 volume percent (Hvizdos, et al., 1982).
The oxygen-enriched air project was designed to recover a large portion of the remainder of the 39
million barrels of crude originally in-place in the 1,950-acre unit. When the project was started,
the reservoir oil saturation was estimated at 1,362 barrels per acre-ft. The reservoir is 5,000 feet
deep, has 28% porosity, and 900 mD permeability. The crude is 10° API and has a viscosity of
1,006 cP at reservoir conditions (Bleakley, 1987).

Results of this field test indicated the average specific productivity of wells in the 90% oxygen
pattern (different field patterns were designed for various field application/testing) was significantly
greater than for wells in the air pattern. Pure oxygen is cheaper than air over a wide range of
pressures and flow rates. In addition, it was concluded that oxygen of at least 80% purity should
be used at the Forest Hill field when the field is fully developed. Full development projected by
Forest Hill Co. is designed for 100 producing wells and 25 injection wells with the goal to reach a
producing rate of 1,750 BOPD of 10° API oil and obtain 45% recovery of the original oil-in-place.

Another in situ combustion project was carried out in the Trix-Liz Woodbine "C" reservoir in
Titus County, Texas. The Trix-Liz Woodbine "C" Zone is Cretaceous in age, occurs at an average
depth of 3,650 feet, and has an average thickness of 9 feet. Core and log analyses indicated an
average porosity of 28% and an average connate water saturation of 35%. Primary production
from the reservoir accounted for 15% of the OOIP. The primary drive mechanism was gravity
drainage supported by a weak natural edge-water drive (Buchwald, et al., 1973).

The sensitivity of the Trix-Liz reservoir to the freshness of injected water placed limitations on
the choice of secondary recovery methods. A review of reservoir properties revealed that an in situ
combustion process had the greatest probability of being successful. In 1968 the first well was
ignited in the reservoir, followed in 1969 by ignition in a second well. The merging of the two
burn zones from the ignited wells was accomplished after 4 years of in situ combustion.
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Oil recovery from the Trix-Liz "C" reservoir as of January 1, 1972 was 650,000 barrels. Of
this volume, 419,000 barrels represented primary recovery production. In situ combustion
contributed 230,000 barrels of oil. The ultimate recovery of oil from this reservoir by primary
production and by the in situ combustion process is estimated to be 60% of the OOIP.

3.4.3.4 Steam Projects

Steam injection was tested by Shell Oil Co. in the Slocum field in Southern Anderson County
in northeast Texas. Production of 19° API oil ranging in viscosity from 1,000 to 3,000 cP is from
the shallow Carrizo formation (500 to 600 feet). The sand is generally very clean, having a
permeability of about 3,500 mD. The viscosity of the oil at reservoir temperature (75° F) allows
only marginal primary recovery. The viscosity-temperature behavior of the oil is such that its
viscosity is reduced by a factor of more than 100 when the temperature is increased to 350° F, as
exhibited in Figure 3.9 (Hall, and Bowman, 1973). Such behavior suggests that oil could be
produced successfully with thermal recovery processes. Other favorable conditions for thermal
recovery were the shallow depth of the accumulation, the high oil saturation (65%), and the
availability of high-quality fresh water for generating steam or hot water. .
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Figure 3.9 Viscosity-Temperature Relationship for Oil from the
Texas Slocum Reservoir, a Class 4 Reservoir from the
Cretaceous Salt-Related Play (Source: Hall and
Bowman, 1978)

3-24



A 1/4-acre pilot was conducted with a normal five-spot pattern having four injectors and a
central producer. Encouraged by the 40% recovery of the oil-in-place within the pilot area, Shell
Qil Co. started a full-scale 7-pattern project in 1966-1967, to be expanded in 1968-1969 with the
addition of 13 new patterns. Each pattern is a 5.65-acre, 13-spot pattern. Both production and
injection wells were completed a few feet into the fresh water zone beneath the reservoir. Through
December 1969, the oil attributed to the initial 7-pattern project was 1.2 million barrels representing
arecovery of 36% of the original oil-in-place. The total thermal recovery from the field was 1.4
million barrels.

As aresult of a steam injection process that utilizes the underlying water layer, impressive
quantities of oil were recovered from a reservoir that previously yielded only marginal production.

However, numerous difficulties were associated with this process ranging from: (1)
productivity decline in some wells due to the encroachment of the steam front as it moved out to the
more distant wells, (i.e., excessive steam production and reduced oil recovery); (2) oil treating due
to changes in production stream behavior; (3) organic solids production along with oil; and (4)
production of hydrogen sulfide gas due to the increase in produced fluid temperature.

Furthermore, the large quantities of steam necessary for this project have hampered its
economic attractiveness. Solutions to most of these problems were developed which will lead to a
significant improvement in the oil-steam ratio, and hence, improvement in the associated
profitability.

Additional steam injection projects were designed for the Slocum field between 1971 and 1975
with an addition of a total of 28 inverted 13-spot patterns. The project was terminated in 1977 as
oil production declined rapidly. During the life of the project, 51 million barrels of steam and 25
million barrels of water were injected to produce 7 million barrels of oil and 193 million barrels of
water. Steam injection was terminated due to the breakthrough of steam in most wells, high water
production, and reduced residual oil saturation in areas effectively steam flooded.

Currently, conventional steamflood projects in the Camp Hill field in the Carrizo reservoir are
being operated by Enercap Corporation. In 1989, the peak oil production due to this process was
reported at 300 BOPD.
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CHAPTER 4
MAJOR OKLAHOMA STRANDPLAIN/BARRIER
ISLAND PLAYS

The strandplain/barrier island reservoirs in Oklahoma represent a significant portion of the
Class 4 resource in the country, as defined in the DOE Tertiary Oil Recovery Information System
(TORIS). The majority of the Class 4 resource in Oklahoma is found in three significant plays: the
southern Oklahoma Desmoinesian (Pennsylvanian), the southern Oklahoma Bromide, and Arkoma
Morrowan Plays. Chapter 4 describes the geologic characteristics of these three plays and includes
discussions of the unique geological context that leads to hydrocarbon trapping within each play.
The reservoir and production characteristics of these plays are summarized in this chapter.

Oklahoma Class 4 production has been significantly impacted by improved oil recovery,
particularly by polymer activity in the southern Oklahoma Desmoinesian (Pennsylvanian) and
Missourian Plays. Limited thermal operations in the Deese reservoir in the southern Oklahoma
Desmoinesian (Pennsylvanian) Play have not significantly impacted IOR production. Few IOR
projects have been conducted in other Oklahoma Class 4 reservoirs. These projects, even when
successful, have not led to widespread application.

4.1 Chapter Overview

Oklahoma contains nearly 6 billion barrels of remaining oil-in-place (ROIP) in Class 4
reservoirs. This volume represents over 30% of the ROIP for Class 4 reservoirs listed in the
TORIS database (Table 4.1). Cumulative recovery is 37% of the OOIP with ultimate recovery
projected to be 42% of the original oil-in-place (OOIP).

PLAY

ORIGINAL

OIL-IN-PLACE
MMBO

CUMULATIVE

RECOVERY
MMBO

ULTIMATE
RECOVERY
MMBO

REMAINING
OIL-IN-PLACE
MMBO

NUMBER
OF
RESERVOIRS

S. OK DESMOINESIAN

2,783

943

1,171

1,612

10

S. OK BROMIDE

1,260

303

313

947

ARKOMA MORROWAN

1,323

423

469

854

SUBTOTAL LARGEST PLAYS

5,366

1,665

1,953

3,413

NEMAHA RIDGE ORDOVICIAN

1,399

784

792

607

S. OK MISSOURIAN

1,135

494

560

575

SEMINOLE PLATFORM WILCOX

1,012

453

470

542

SE ANADARKO WOLFCAMPIAN

409

103

109

301

ANADARKO BASIN MISSOURIAN

265

95

116

149

ARKOMA SIMPSON

155

50

61

93

S. OK SPRINGERAN

118

32

37

81

CENTRAL OK ATOKAN

62

22

23

39

S. OK PONTOTOC

49

16

20

30

S. OK VIRGILIAN

38

15

15

23

NE OK MISSOURIAN

24

7

10

14

NE OK MISSISSIPPIAN

27

15

15

12

NE OK DESMOINIAN SS

3

3

SE CHATAUQUA

1

1

SUBTOTAL OTHER OKLAHOMA

4,705

2,088

2,232

2,473

TOTAL OKLAHOMA
PLAYS

10,071

3,757

4,185

5,885
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Major productive Class 4 reservoirs in Oklahoma are generally limited to a band across the
southern portion of the state. Most of the Oklahoma strandplain/barrier island oil deposits occur in
Bromide (Ordovician) and Desmoinesian (Pennsylvanian) Plays in the Ardmore Basin, a narrow
depression to the southeast of the Anadarko Basin. Limited Class 4 oil production also comes
from a Morrowan (Pennsylvanian) Play on the western end of the Arkoma Basin. These three
plays contain nearly 60% of the Class 4 ROIP in Oklahoma.

During the early Paleozoic, the site of the Ardmore Basin was part of a widespread shallow
shelf on the southern margin of the North American Craton. In Middle Ordovician time, carbonate
deposition was interrupted by an influx of terrigenous clastics from the east and southeast. Deep
water of the Southern Oklahoma Aulacogen (Figure 4.1) was well to the southwest of this area,
and a variety of clastic depositional environments including Bromide strandplain and barrier island
environments migrated back and forth across the shelf in response to minor changes in sediment
supply and/or relative sea level.

SCUTHERN
OKLAHOMA
AULACOGEN

Figure 4.1 Structural Provinces of the Oklahoma Class 4
Production Areas

Shallow shelf deposition continued in the area for some time, but by the end of Mississippian
time, the Ardmore Basin had been uplifted and part of its sedimentary fill removed by erosion.
Regional compression caused by plate tectonic movement resulted in downwarping in this area and
in the Anadarko Basin area north of the uplifting Wichita mountains. Shallow water clastic
sedimentation with local sources to the southeast resumed in the Ardmore Basin and a variety of
depositional environments including strandplain and barrier island environments are represented in
the Desmoinesian sedimentary record.
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The Arkoma Basin was also a site of shallow shelf deposition during the early Paleozoic. The
Basin subsided through the Mississippian with development of the Ouachita Trough to the south
which allowed accommodation of considerable thicknesses of deep-water sediments, but by the

end of Mississippian time the region was uplifted and erosion was taking place. Early

Pennsylvanian (Morrow) seas transgressed the area, and sources to the north and northeast
provided sediments to build widespread strandplain, barrier island, and other shallow clastic
deposits as sea level varied.

The ROIP volumes and average reservoir parameters, calculated from TORIS reservoir data,
for the three major plays and all other Oklahoma strandplain/barrier island plays averaged together
are summarized in Table 4.2. Oklahoma Class 4 production is primarily light oil from moderate
depth reservoirs. Average net pay exceeds 50 feet and average permeability approaches 300 mD.

MAJOR PLAYS
SOUTHERN SOUTHERN
OKLAHOMA OKLAHOMA ARKOMA ALL OVERALL
DESMOINESIAN BROMIDE MORROWAN OTHERS AVERAGE

REMAINING OIL-IN- 1,612 947 836 2,473
PLACE, MMBO
NET PAY,FT 31 106 48 55 60
POROSITY, % 19 16 18 18 18
INITIAL OIL 67 76 63 69 69
SATURATION, %
DEPTH, FT 4,141 5,875 3,138 4,569 4,431
PERMEABILITY, mD 234 431 223 281 292
GRAVITY, ° AP 36 34 37 37 36
INITIAL PRESSURE, PSI 1,778 2,583 1,244 1,731 1,834
ULTIMATE RECOVERY, % 43 29 38 42 38

Estimated ultimate recovery efficiency for the three major plays ranges from 29 to 43% of the
OOIP. The Southern Oklahoma Desmoinesian (Pennsylvanian) Play has the most ROIP and
exhibits a recovery efficiency of 43%. In contrast, recovery efficiency in the Southern Oklahoma
Bromide Play is estimated at only 29% of the OOIP. Production in Oklahoma Class 4 reservoirs is
fairly evenly split between majors and independents. As shown in Figure 4.2, 48% of the 1991
production volume was produced by majors, 45% by small independents, with the remaining 7%
produced by midsize or large independents. Annual production volumes since 1970 from the three
major plays are illustrated in Figure 4.3. Recent declines in all plays are relatively shallow
reflecting generally mature secondary production. Note that the production increase in the
Southern Oklahoma Desmoinesian (Pennsylvanian) Play during the early 1980s resulted primarily
from several large polymer projects started during that time period.
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Figure 4.2 Operator Profile for Oklahoma Class 4 Reservoirs
(Source: BPO TORIS, 1994)
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Historical improved oil recovery (IOR) activity in Oklahoma Class 4 reservoirs is summarized
in Table 4.3. Twenty-nine of 40 reported IOR projects have been in the Southern Oklahoma
Desmoinesian (Pennsylvanian) Play. Significant historical activity has also occurred in the
Southern Oklahoma Missourian Play. Although several processes have been tested, the polymer
process has been the predominant process employed (33 of 40 or 83% of the projects).

BYPLAY NO. OF BY PROCESS NO. OF
PROJECTS ) PROJECTS

S. OK DESMOINESIAN 29 POLYMER 33
S. OK BROMIDE 1 STEAM 4
ARKOMA MORROWAN 1 IN SITU 1
S. OK MISSOURIAN 6 COp 1
SE ANADARKO 3 SURFACTANT 1
WOLFCAMPIAN

TOTAL 40 TOTAL 40

4.2 Southern Oklahoma Desmoinesian (Pennsylvanian) Play

A number of Desmoinesian-age Class 4 reservoirs were deposited in the Ardmore Basin in
southern Oklahoma (Figure 4.4), a structurally low area during Pennsylvanian time. The Ardmore
Basin lies on trend to the southeast of the much larger Anadarko Basin. The Ardmore Basin
developed as a relatively narrow trough nestled between the Criner Hills and the Hunton Arch.
The Desmoinesian production trend begins in Love County and runs northwestward to McClain,
Grady, and Stephens Counties. Desmoinesian production is concentrated in Carter, Stephens, and
Garvin Counties.
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ANADARKO

A = ARDMORE BASIN
M = MARIETTA BASIN
AH = ARBUCKLE HILLS
CH= CRINERHILLS

Figure 4.4 South-Central Oklahoma Structural Features

Desmoinesian Class 4 production comes from such fields as the Sho-Vel-Tum and Golden
Trend, both of which produce from the Deese Group. The Hewitt and Knox fields have smaller
reserves, but are also large Desmoinesian producers. The Sho-Vel-Tum field is listed in the
TORIS database as having 1,072 million barrels of OOIP. The Hewitt field had 591 million
barrels of OOIP, and the Knox field had 157 million barrels of OOIP. The Golden Trend field, an
assemblage of smaller fields, is listed as having 847 million barrels of OOIP. These major
production units are flanked by a number of smaller Deese oil fields with improved oil recovery
potential.

4.2.1 Geology

Southern Oklahoma was the site of a deep aulacogen or rift valley during Late Precambrian and
Early Cambrian times (Axtmann, 1983; Johnson, et al., 1988) (Figure 4.1, previously referenced).
This crustal break was the site of massive accumulations of sediments and igneous rocks in the
Late Precambrian and through the start of the Paleozoic Era. The presence of this aulacogen was to
have a significant impact on Pennsylvanian-age sedimentation and tectonics. Down-dropping in
the area continued at a rapid rate throughout the Cambrian Period, then, progressively more
slowly, into the Ordovician. Igneous activity was concentrated in the earliest phases of the rifting,
and no significant mountain ranges or uplifts were produced in connection with the rifting during
the early Paleozoic.
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Cambro-Ordovician sediment influx into the low generally kept pace with the rate of
subsidence of the aulacogen. With no major nearby clastic-sediment source, thick carbonate
sections accumulated in a shallow-shelf environment. Occasional clastic pulses washed over
southern Oklahoma, most derived from an eastern or southeastern source. Strandlines and barrier
islands formed during some of these sediment influxes.

During Mississippian time, the southern rim of the continent was becoming less stable. In
southern Arkansas, eastern Texas, and Louisiana, the Ouachita Trough was beginning to subside,
and its rate of subsidence increased as the Mississippian went on. The inland sea still covered
most of Oklahoma and the surrounding states, but by the close of the Mississippian Period, a
broad regional uplift caused the seas to withdraw from the continental margin. Erosion removed
the uppermost sedimentary cover across most of the region, with the exception of the deeper
portions of the Anadarko and Ardmore Basins.

During the Pennsylvanian Period, a new tectonic regime was established across the Oklahoma
area. Compression was occurring as adjacent crustal plates encroached on the southern fringes of
the North American Craton. Some of the ancient normal faults defining the original aulacogen
became the site of uplift under the new stresses of the Pennsylvanian, and segments of the trough
along the southern edge were uplifted to form the Wichita Mountains.

To the north of the Wichita Mountains, the crust was bowed down into a broad low, the
Anadarko Basin (Figure 4.4, previously referenced), which extended from the Oklahoma
panhandle into the northeast corner of Texas. In south-central Oklahoma, along the southeastern
extension of the Anadarko Basin, shattered slivers of the aulacogen were squeezed and jumbled. A
series of narrow hills or islands was raised between a series of depressed, low blocks. Positive
slivers, like the Hunton, Tishomingo and Criner Hills, and the Arbuckles were eroded. Coarse-
grained debris from this erosion was washed into adjacent intervening depressions like the
Ardmore and Marietta Basins (Figure 4.4, previously referenced). The basins across southern and
western Oklahoma were filled with wedges of conglomerates, sandstones and shale. Basin
sediments were laid down in a wide variety of settings, including strandplains and barrier islands.

4.2.1.1 Geologic Characteristics

As Desmoinesian-age deposition began, tectonic activity was low around the Ardmore Basin.
The Criner Hills had been worn down by that time, and a stable shallow-marine shelf environment
had become established. The earliest sediments deposited in the Desmoinesian Series were the
Lester, Frensley, and Pumpkin Creek Limestones (Johnson, et al., 1988), separated by
intervening shale units.

Above the limestone and shale sequence is a complex mix of sediments classified as the Deese
Group. This Group contains sandstones, shales, conglomerates (which include large numbers of
limestone pebbles), cherts, and a few bedded limestones.

The clastic sediments of the Deese Group were generally deposited in wedges. Many of the
beds thicken and thin rapidly making long-distance correlation difficult and unreliable. The
Desmoinesian section is about 5,300 feet thick around the town of Deese (Tomlinson and McBee,
1988) but increases to 8,000 feet toward the southeast. The Deese wedges included fluvial,
deltaic, strandline, barrier island, and offshore environments at various locations within the basin.
Some of the Deese units are rich in a variety of fossil types indicating the presence of both open-
marine and shallow shoreline-associated environments in the area at various times. The source of
most of the early Deese clastics was to the southeast, but by late Deese time, the primary source
area had shifted to the Arbuckle region in Murray and southern Garvin Counties. Upper Deese
units tend to cover larger areas and represent more regional sands in the Ardmore Basin.
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Production in the Deese is widespread in Carter, Stephens, and Garvin Counties in south-
central Oklahoma. Oil has been found throughout most of the Deese section.

4.2.1.2 Reservoir Models and Major Controls on Production

The coastal environment, with its strandline and barrier island deposits, can form excellent
reservoirs. The coast of the Desmoinesian sea was a high-energy region where wave action sorted
and cleaned the sands. These deposits are ideal for accumulation and production of hydrocarbons.
The best deposits for reservoir formation in the coastal sand complex are of the offshore barrier
type where wave action is at a maximum. The wide range of depositional environments
represented in the Deese sediments resulted from shorelines that shifted back and forth over large
areas repeatedly during the Pennsylvanian. Many of the best Desmoinesian reservoirs formed in a
barrier island setting. Effective prospecting and workover evaluation involves interpreting and
understanding the sedimentology of these reservoir units.

The major Pennsylvanian-age reservoirs in south-central Oklahoma produce from beds on
structural highs within the Ardmore Basin. These highs were variously formed by Pennsylvanian
or later folding, by drape over pre-existent structures, and by folding of sediments along active

 fault trends. Numerous large and small faults surround and cut through the Ardmore Basin.

Movements were extensive on these faults during Pennsylvanian and post-Pennsylvanian time, and
the resulting structures are complex. .

Many of the traps in the Deese have both structural and stratigraphic components. Some of the
traps formed on the flanks of structures where porous strandplain/barrier island sands pinch out, or
where they are truncated by faunlts. A good understanding of Deese production and workover
potential requires an understanding of lateral strandplain/barrier island facies changes and internal
permeability barriers, as well as gross sand thickness and structure.

4.2.2 Production Characteristics

Desmoinesian (Pennsylvanian) intervals in this play generally contain multiple sands, are
steeply dipping, and often contain significant faulting. Wells are generally completed in several
Pennsylvanian sand intervals. In most cases, fields also produce from several other intervals.

Production in some Desmoinesian Pennsylvanian fields in this play began in the early 1900s.
Most reservoirs produced by a combination of solution-gas drive, gravity drainage, and gas cap
expansion during primary. Waterflood development began in the 1960s and continued through the
1970s. Most waterfloods simultaneously flood several intervals creating a flood-balancing
challenge, because permeability varies between intervals. Channeling and early water
breakthrough problems are prevalent, and waterflood recovery efficiencies are often low. These
common waterflooding problems provided a strong incentive for early application of IOR
techniques.

Recent advances in stratigraphic interpretation hold promise for future work in the south-central
Oklahoma area. Studies of environments of deposition have made it possible to identify subtle
porosity barriers within reservoirs, and to identify updip hydrocarbons that have not been

. previously tapped. Improved well logs have made it possible to interpret reservoir parameters at
some distance back into the formation from the borehole.
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4.2.3 Improved Oil Recovery Projects

Historical IOR projects in the Southern Oklahoma Desmoinesian (Pennsylvanian) Play are
listed in Table 4.4. Most activity has been in the Sho-Vel-Tum field (23 of 29 projects). In Sho-
Vel-Tum, primary emphasis has been on polymer projects to remedy channeling problems
experienced during waterflooding. Small in situ combustion and steam projects have been
conducted in lower gravity (14° to 16° API) crude areas. Small CO, and surfactant projects have
also been conducted in the Deese interval.

FIELD RESERVOIR OPERATOR PROCESS DATE ACRES NO. OF DEPTH, | GRAVITY,

STARTED WELLS FT API
HEWITT | HEWITT EDINGER POLYMER 1981 278 24 2,584 35
HEWITT EXXON POLYMER 1981 886 137 2,400 35
HOXBAR TEXACO POLYMER 1982 300 24 2,350 35
HOXBAR TEXACO POLYMER 1984 240 15 2,400 33
LONE GROVE | TEXACO POLYMER 1984 1,200 96 4,500 35
LONE GROVE | TEXACO POLYMER 1985 100 8 4,000 30
SH%-JX/IEL- DEESE CcoXx POLYMER 1979 10 4 3,172 24
DEESE-TUSSY | COX SURF. 1980 10 9 3,172 24
DEESE MOBIL STEAM 1986 55 14 1,500 16
DEESE??? MOBIL POLYMER 1981 35
DEESE-SPGR MOBIL POLYMER 1982 1,360 123 4,400 30
DEESE MOBIL POLYMER 1982 780 64 3,500 30
DEESE MOBIL POLYMER 1982 350 31 4,000 31
DEESE MOBIL POLYMER 1982 451 36 3,900 34
TATUMS-PENN | MOBIL POLYMER 1982 2,750 192 2,600 25
DEESE MOBIL POLYMER 1982 450 35 3,500 28
DEESE MOBIL POLYMER 1982 1,980 143 4,900 26
DES MOIN. SHELL STEAM 1964 80 19 850 14
DEESE SHELL POLYMER 1984 34 3,200 28
DEESE SOHIO POLYMER 1985 120 5 4,640 38
DEESE TEXACO CO, 1983 5,530 24
DEESE- TEXACO POLYMER 1983 1,390 124 3,100 25
HOXBAR
DEESE TEXACO POLYMER 1983 225 23 4,400 27
HOXBAR TEXACO POLYMER 1984 220 13 2,400 33
DEESE TEXACO POLYMER 1985 570 56 3,500 34
TUSSY TEXACO POLYMER 1986 1,128 3,000 43
DEESE TEXACOQ POLYMER 1981 190 12 5,500 22
DEESE- TEXACO POLYMER 1983 124 3,100 25
HOXBAR .
DEESE | COX-MOBIL | IN SITU | 1962 11 22 1,500 16

4.2.3.1 Polymer Projects

All large projects have been polymer projects. Crude gravity in these projects ranges from 22°
to 35° APL. Mobil and Texaco are the operators of these large, 1980s vintage projects. Production
increases in Sho-Vel-Tum during the 1980s from these large polymer projects have previously
been noted.
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Production in the Sho-Vel-Tum field comes from shallow Permian zones, the Deese, Hoxbar,
and Dornick Hills-Springer groups in the Class 4 Desmoinesian (Pennsylvanian) interval, and the
deeper Sycamore interval. Waterflood performance characteristics of these different intervals are
summarized in Figure 4.5. Over 80% of water injection has been into the Class 4 Deese and
Dornick Hills-Springer intervals. Waterflooding has been most efficient in the Dornick Hills-
Springer interval recovering 35% of the OOIP while requiring only 5 barrels of injection per barrel
of oil recovered (Johnson, et al., 1987a). Waterflood recovery in the Hoxbar and Deese intervals
is much poorer, only 11% of the OOIP requiring 12 to 14 barrels of injection per barrel of oil
recovery.

PONTOTOC

HOXBAR

DEESE

DORNICK HILLS
AND SPRINGER

0 10 20 30 40 50 0 10 20 30 40 0 5 10 15 20 25
WATER bb| INJECTED, QOIL PRODUCED, OIL FRODUCED,
% OF TOTAL FIELD % OF OOIF 1,000 bbl/acre

PONTOTOC

HOXBAR

DEESE

DORNICK HILLS
AND SPRINGER

Sycamore (not
shown = 26%)
1 1 1L 1 1 I I I | I | 1 L} 1 1 1 (1
0 5 1015 20 25 30 O 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35
WATER bbl INJECTED POLYMER APPLICATION REMAINING OIL DISTRIBUTION,
PER OIL bbl PRODUCED % OF TOTAL % OF TOTAL

Figure 4.5 Waterflood Efficiencies in Selected Intervals of the Sho-
Vel-Tum Field, Oklahoma (Modified after Johnson et
al., 1987a)
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Low waterflood efficiencies attributed to channeling and multiple-interval flooding prompted
polymer applications in all intervals. Acreages under polymer flood for the Hoxbar, Deese, and
Dornick Hills-Springer groups are 1,390, 11,300, and 5,100 acres, respectively (Johnson, et al.,
1987b). Locations of the Deese polymer projects are shown in Figure 4.6.

1N

1S

25

3S

Figure 4.6 Location of Deese Interval Polymer Projects in the Sho-
Vel-Tum Field, Oklahoma (Source: Johnson et al.,
1987b)

4.2.3.2 Reservoir Management

Besides polymer, advanced reservoir management techniques have been successfully used at
Sho-Vel-Tum. Mobil applied 3-D seismic and integrated work-team concepts in their Countyline
Unit, a 5 square mile waterflood (Kendall, et al., 1992). The Countyline Unit was experiencing
low waterflood recovery (only 11.2% of the OOIP) due to a combination of complex faulting,
structural deformation, heterogeneity, and depleted gas caps. Application of these advanced
reservoir management techniques caused Mobil to redefine the reservoir description leading to
waterflood redesign and infill drilling. Results reported by Mobil include (1) several million
barrels of reserves, (2) ultimate recovery improved by 78%, and (3) a new methodology to extend
field life (Kendall, et al., 1992). Mobil recognized the value of extending the concepts to other
assets in the field.
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Exxon experienced similar results with comprehensive reservoir management techniques in the
flooded Hoxbar-Deese intervals in their Hewitt Unit in the Hewitt field (Ruble, 1982). Although
less sophisticated tools were used due to the vintage of their effort, Exxon reported reserve
increases of 5 million barrels. Their reservoir management effort incorporated injection and
production surveillance programs, injection distribution, producer stimulations, artificial lift
optimization, infill drilling, and cross-linked polymer applications.

4.2.3.3 Thermal Projects

Thermal techniques have been applied in a small part of the field. In this area, heavy oil is
found in the unconsolidated, steeply dipping, 4th Deese sand. Shell operated a small steamflood
on its Hefner lease during the 1960s. At about the same time, Mobil started an in situ combustion
project in a nearby unit, the Cox Penn Sand Unit. In the Shell steamflood, surface fissures with
steam eruptions developed and the project was discontinued within a few years (Chiou and Murer,
1989). Mobil's in situ combustion project also lasted only a few years because problems in
propagating the combustion front were experienced. Neither project was considered economic
(Olsen and Johnson, 1993). A cyclic steam project started by Mobil in the same Unit in 1986 has
been more economically encouraging (Moritis, 1992) even though numerous operating problems
have been experienced (Chiou and Murer, 1989). Operating problems included oil treating,
wellhead equipment failures, thermal well completions, artificial lift, and low steam injectivity.

Thermal projects in Sho-Vel-Tum are especially susceptible to environmental problems. The
highly faulted and fractured nature of the area, poorly plugged wells, and age of existing wells
contribute to aquifer or surface communication problems.

4.3 Southern Oklahoma Bromide Play

The Simpson Group has been a prolific producer of oil in south-central Oklahoma. The =
TORIS database shows that 444 million barrels of OOIP of the total Class 4 oil reserves within the
Golden Trend are expected to come from Bromide rocks. The Eola-Robberson and Cumberland
fields are also producing from the Bromide. Both have over 200 million barrels of OOIP.

Cumulative oil production per field in the Bromide ranges from 36,000 to 12,000,000 barrels
(Smith, 1992). v

4.3.1 Geology

As discussed in Section 4.2.1, southern Oklahoma Early Paleozoic geology was profoundly
influenced by the presence of a Late Precambrian-Early Cambrian aulacogen (Figure 4.2,
previously referenced). The Bromide formation was deposited during the Middle Ordovician
Period as part of the Simpson Group. The Southern Oklahoma Aulacogen was still subsiding at an
unusually high rate during the Ordovician Period. Although the southern margin of the craton was
generally extremely stable and the water depths over broad areas (from the Northeastern U.S. to
the Southwest) were relatively uniform and shallow (Johnson, et al., 1988); the waters in southern
and southwestern Oklahoma remained exceptionally deep, leading to the accumulation of thick
Simpson sediments in that area. The eastern and northern ends of the basin were partially filled in
during the period of Bromide deposition by periodic flooding with clastic sediments as the
southern margin of the North American Craton warped or as sea level varied. Johnson, et al.,
(1988) described the clastics as coming from "an eastern source.” Frederickson and Redman
(1965) attribute the sediments to the Ozark area.
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Simpson sediments, including the Bromide Sandstones, are consistently recognizable over
wide areas of the carbonate-rich shelf, and may include sand, silt, and fine clays eroded from an
exposed landmass. Terrigenous clastics thicken to the east in Oklahoma, toward the presumed
source area. In the Ardmore Basin, the Bromide is sandiest to the north and east. In the western
portion of the Ardmore and Anadarko Basins, the Bromide is composed mainly of limestone or
limy shales.

4.3.1.1 Geologic Characteristics

Sand grains in the Simpson beds are generally well-rounded, indicating that they have been
eroded, worn, deposited, and then re-eroded and reworked. Bromide sediments are quite
fossiliferous in many locations, with a broad variety of faunas.

The Bromide coast with its associated strandline and possible barrier island environments
shifted back and forth across the shallow side of the basin. This coast was a high-energy area,
with breaking waves washing against the shore, sorting and cleaning the sands. High-quality,
clean sands which would eventually become good reservoirs formed along the trend of the
shoreline, as it shifted back and forth across the region.

4.3.1.2 Reservoir Models and Major Controls on Production

Reservoir models for the Bromide formation have traditionally considered the primary trapping
mechanisms to be structure. Recent detailed studies have shown that a number of stratigraphic
pinch-outs and internal permeability barriers are involved in many reservoirs, and in the
segmenting of production into compartments within individual sand units. Some of the Bromide
sands are described as structureless massive bodies indicating probable presence of high-energy
Beach Ridge or Eolian facies associated with either strandplain or barrier island deposits.
Production comes from multiple sands, generally aligned along structural highs, capped by sealing
Simpson Group shales. ‘

4.3.2 Improved Oil Recovery Projects

Current work in the Simpson Bromide involves infill drilling, the analysis of deep, untested, or
incompletely-studied structures, and limited IOR activity in existing fields.

The EOR project database (Pautz, et al., 1992) shows only one project within this play, a
Texaco-operated polymer project in the Apache field. Polymer flooding of the 3,900 foot Bromide
reservoir began in 1984. Crude gravity is 39° API and viscosity is 2 cP. Porosity averages 13%
and permeability is over 1,000 mD. The project involved 7 injection wells and 19 producers.
Performance results are not available.

4.4 Arkoma Morrowan Play

The Arkoma Basin (Figure 4.4, previously referenced) formed in Mississippian-Pennsylvanian
time on the fringes of the North American continent, as it existed at that time. The Arkoma Basin
is productive in both oil and natural gas, with natural gas being the dominant product. Significant
amounts of oil are being produced only at the extreme west end of the Arkoma Basin.

4-14



The TORIS database lists three reservoirs located in Pontotoc and Seminole Counties having
OQIP volumes in excess of 200 million barrels. The fields are the Cromwell (263 million barrels),
the Wewoka District (262 million barrels), and the largest, the Allen District (457 million barrels).
The Little River field has more limited reserves (155 million barrels).

4.4.1 Geology

The cratonic edge in southeastern Oklahoma and central Arkansas had been a stable shelf
during most of the early Paleozoic. By Mississippian time, however, the Ouachita plate was
impinging on the margin of the continent, and the stability was upset. An arcuate trough formed
in the foreland area between the North American Craton and the adjacent Ouachita plate, and large
amounts of coarse-grained sediment were dumped onto the subsiding shelf (i.e., the Arkoma
Basin) as this activity began.

By Middle Mississippian time, the carbonate environment which had dominated the Arkoma
Basin shelf area was inundated by coarse-grained turbidite deposits. The southern edge of the
region was moving downward by combinations of flexure and normal faulting. Coarse sediments
were probably derived from areas to the south and/or east, possibly including island arc complexes
off the continental edge. Sediment was also washing in from sources to the northeast. At the end
of Mississippian time, the region rose above sea level and widespread erosion of the youngest
Mississippian sediments took place.

By early Pennsylvanian (Morrow) time, seas again transgressed the shelf and significant
amounts of sediment once again began to accumulate on the continental margin. The Morrowan
sediments appear to have had source areas to the north and northeast, in the region of the Ilinois
Basin and, possibly, around the Ozark area. These sediments vary rapidly in thickness and texture
across the region.

Frequent shifting of the Morrow coastline caused a stacked series of strandline/barrier island
sands to develop across the Arkoma Basin. Repeated advances and retreats of this
strandline/barrier island complex resulted in widespread deposition of reservoir-quality sandstones
separated by thin shales.

Over time, as the Pennsylvanian sediments were folded, hydrocarbons migrated into local
highs, and large fields today are found on structural features. Experience elsewhere in
strandline/barrier island reservoirs has shown that internal permeability barriers are usually difficult
to detect, and subtle porosity pinch-outs are often overlooked. Future work in the Morrowan
reservoirs will involve the detection of these subtle features.

4.4.2 Production Characteristics

Arkoma Basin oil production is limited to the western end of the structural basin. The eastern
and central portions of the basin yield large quantities of natural gas, but very little oil. The
predominance of natural gas appears to relate to tectonic activity, depth of burial, and geothermal
gradients across the region.
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4.4.3 Improved Oil Recovery Projects

The EOR project database (Pautz, et al., 1992) shows only one Class 4 project within this
play, a 215-acre Mobil-operated polymer project in the Fitts field. Polymer flooding of the
Cromwell, Viola, and Hunton reservoirs began in 1981. Crude gravity is 40° API and viscosity is
2 cP. Depth is about 2,500 feet. Mobil reported permeability up to 1,500 mD and an initial oil
saturation of 77%. Performance results are not available.

4.5 IOR Activity In Other Oklahoma Class 4 Plays

4.5.1 Southern Oklahoma Missourian Play

Polymer and steam projects have been conducted in the Southern Oklahoma Missourian
(Pennsylvanian) Play. The Healdton field has been the site of significant polymer flooding
activity. Arco, Mobil, and Unocal each conducted relatively large polymer projects (Pautz, et al.,
1992). Primary and secondary production characteristics in the Healdton field parallel those in the
Sho-Vel-Tum field.

Conoco has conducted two steam pilots in the Pennsylvanian sand in the Loco field. Oil
gravity in these steam projects was in the 20° to 22° API range. Projected recoveries at project start
were 38% and 52% of OIP with steam/oil ratios of 5.7 and 4.2, respectively (Powers, et al.,
1985). Despite promising results, these projects have not been expanded to commercial-size.

4.5.2 Southeast Anadarko Morrowan Play

Only minor IOR activity has occurred in the Anadarko Basin. Polymer projects have been
reported in the Pennsylvanian Morrow sand in the Postle field (Pautz, et al., 1992). Mobil began
considering IOR activity in this field in the early 1970s. At that time, low-tension waterflooding
was considered (Roy, et al., 1977). In preparing for tertiary recovery, Mobil conducted a
relatively extensive reservoir management program. Mobil applied polymers in lieu of the
originally planned low-tension waterflood. Later on in 1990, Mobil considered applying the CO,
miscible process in the Postle field (Moritis, 1990). A CO, project was not listed for the Postle
field in the 1992 Oil and Gas Journal Survey (Moritis, 1992).
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CHAPTER 5
MAJOR CALIFORNIA STRANDPLAIN/
BARRIER ISLAND PLAYS

The strandplain/barrier island reservoirs in California represent a significant portion of the
Class 4 resource in the country, as defined in the DOE Tertiary Oil Recovery Information System
(TORIS). Most of the Class 4 resource in California is found in three significant plays: the San
Ardo-King City Shelf Sandstone in the Salinas Basin; the Vaqueros Strandplain Sand in the
Cuyama Basin; and the Vedder/Pyramid Hills Strandplain Sandstone in the San Joaquin Valley.
Chapter 5 describes the geologic characteristics of these three distinct plays relative to the trapping
and production of hydrocarbons. The characteristics of the numerous other strandplain/barrier
island plays in California are not described in this chapter.

The reservoir and production characteristics of the California Class 4 plays are summarized in
Chapter 5 based on an analysis of over 50 reservoirs contained in the TORIS database and a review
of the technical literature. This analysis indicates that reservoirs in these plays have excellent
reservoir quality and tend to contain heavy oil. Based on literature review, the improved recovery
process which has been most widely utilized in the California Class 4 reservoirs is steam injection.
Although other improved recovery processes may be applicable in California, most of the future
recovery potential depends on maintaining the profitability of steam flood operations through the
reduction of operating costs and improvements in process efficiency. The requirements associated
with meeting increasingly stringent environmental restrictions also pose a significant challenge to
future operations.

5.1 Chapter Overview

California is a major contributor to oil production from Class 4 reservoirs. Class 4 reservoirs
in California contain 3.4 billion barrels of remaining oil-in-place (ROIP), representing
approximately 18% of the ROIP for Class 4 reservoirs identified in the TORIS database (Table
5.1). Approximately 78% of the ROIP in California Class 4 reservoirs is contained in three major
plays: the San Ardo-King City Shelf Sandstone, the Vaqueros Strandplain Sands, and the
Vedder/Pyramid Hills Strandplain Sandstone plays.

Three major elements dominate the early Tertiary-aged paleogeography of California (Nilsen,
1984) and control subsequent development of most California Tertiary basins. Each of these
elements evolved from a Cretaceous trench, forearc basin, and magnetic arc framework (Nilsen
and Clarke, 1975; Clark, et al., 1975; Nilsen, 1977; Nilsen and McKee, 1979). Highlands in the
eastern part of the state underlain by Mesozoic granitic plutons constitute the first major element.
The second major element is the elongate and broad Sacramento-San Joaquin Basin which
developed on the old forearc basin. It was a shallow marine shelf bounded by a coastal plain to the
east and by a deep basin on the west. Persistent arches (e.g., the Stockton and Bakersfield
Arches) tended to subdivide the basin. The third element, a borderland terrain to the west consists
of a series of uplands, often islands, separated by subsiding, deep, and often partly restricted
basins receiving thick accumulations of turbidite sediments. Tectonism is the chief controlling
factor on sedimentation in most California sedimentary basins during the Tertiary.



ORIGINAL CUMULATIVE ULTIMATE REMAINING NUMBER
OIL-IN-PLACE RECOVERY RECOVERY | OIL-IN-PLACE | OF RESERVOIRS
MMBO MMBO MMBO MMBO

SAN ARDO-KING CITY SHELF SS 1,509 407 420 1,090 2
VAQUEROS (PAINTED ROCKS) 1,045 268 268 777 2
STRANDPLAIN SANDS
VEDDER/PYRAMID HILLS 1,204 440 469 735 8
STRANDPLAIN S8

SUBTOTAL LARGEST PLAYS 3,758 1,116 1,157 2,602 12
PICO TURBIDITE SS 314 47 48 266 1
SANTA MARGARITA 202 48 50 152
STRANDPLAIN/DELTAIC SAND :
VAQUEROS/ALGERIA 204 64 65 139 4
STRANDPLAIN
SAN JOAQUIN/KERN 83 7 7 76 2
RIVER/DELTAIC/LACUSTRINE
OLCESE/ZIL.CH 50 7 7 43 1
FLUVIAL/ALLUVIAL SS
TEMBLOR DELTAIC/SHELF SS 48 8 8 39 2
LLAJAS STRANDPLAIN SS 39 2 2 37 1
NON-DEFINED 46 14 15 31 1
SISQUOC SHELF SS 29 8 8 21 1
PICO STRANDPLAIN/DELTAIC SS 18 3 3 15 1

SUBTOTAL OTHER 1,032 207 213 819 19
CALIFORNIA PLAYS

TOTAL CALIFORNIA 4,790 1,322 1,369 3,421 31

PLAYS | _ . _

Deposition of strandplain/barrier island sediments took place on the shallow shelves adjoining
rapidly-subsiding Tertiary basins. Sediments contributing to these deposits came from coastal
plain sources to the east, and in some cases, from the borderland terrain to the west.

Well-developed strandplain/barrier island deposits in the Salinas Basin are in Middle and Upper
Miocene Lombardi, Aurignac, and Thorup sands of the Monterey formation. In the Cuyama
Basin, similar deposits occur in the Oligeocene- to Miocene-age Vaqueros formation. The San
Joaquin Basin also has a prominent strandplain/barrier island play in the Oligicene- to Miocene-age
Vedder, Jewett and Pyramid Hills sands.

The ROIP volumes and other reservoir parameters for the three major plays and all other Class
4 California plays are averaged and summarized in Table 5.2. California Class 4 reservoirs
produce medium to mainly heavy oil from thick formations having an average net pay of 132 feet.
These reservoirs are located at an average depth of 3,000 feet, have an average porosity of 30%,
average permeability above 1,600 mD, and an initial oil saturation slightly below 70%.



MAJOR PLAYS
SAN ARDO-KING VAQUEROS VEDDER/ OTHERS OVERALL
Ty STRANDFLAIN | PYRAMID | CALIFORNIA AVERAGE
SHELF SS SANDS HILLS PLAYS VALUES
REMAINING OIL-IN-PLACE, 1,090 777 735 819 855
MMBO
NETPAY, FT 117 215 61 138 132
POROSITY, % 34 26 31 28 30
INITTAL OIL SATURATION, % 73 69 70 65 69
DEPTH, FT 2,236 3,500 3,552 2,652 2,985
PERMEABILITY, mD 3,600 169 1,654 1,124 1,637
GRAVITY, °API 12 32 22 21 22
INITIAL PRESSURE, PSI 971 1,466 1,313 1,183 1,233
ULTIMATE RECOVERY, % 33 26 36 23 29

As shown in Table 5.2, the estimated ultimate recovery efficiency for the three major plays

ranges from 19 to 33% of the original oil-in-place (OOIP). The San Ardo-Kin

g City Play has the

highest estimated recovery efficiency at 33% of the OOIP. This play is followed by the Vaqueros
Strandplain Play at 26% and the Vedder/Pyramid Hills Play at 19%. Production in California's

Class 4 reservoirs is dominated by major producers, as shown in Figure 5.1. The production data
from 1991 indicate that 82% of the 1991 production volume was produced by majors, followed by
18% by small independents.

Annual production volumes since 1970 for the three major plays are illustrated in Figure 5.2.
The production curves illustrate the increase in heavy oil production between 1971 and 1977 ih the

San Ardo-King City Play, which is a reflection of the improved oil recovery (IOR) activities.
Similarly, there is a sharp increase in the daily heavy oil production rate in the Vedder/Pyramid
Hills Play after 1976 reflecting major IOR activities. In contrast, the Vagqueros Strandplain play
showed a steep decline in oil production which is consistent with limited or no IOR activity.

SMALL INDEPENDENTS
18%

MAJOR OIL COMPANIES

82%

Figure 5.1 Operator Profile for California Class 4 Reservoirs
(Source: BPO TORIS, 1994)
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Figure 5.2 Historical Production for Major California Class 4 Plays
(Source: BPO TORIS, 1994)

Historically, steam injection is the major IOR process used in the California plays. Four
projects were conducted in the San Ardo-King City Play followed by three projects in the
reservoirs of the Vedder/Pyramid Hills play. Table 5.3 summarizes production from the steam
projects by play based on the 1992 Oil and Gas Journal IOR Survey (Moritis, 1992).

54



NUMBER EOR
PLAY OF PRODUCTION,

PROJECTS BOFPD
SAN ARDO/KING CITY 4 7,500
VAQUEROS (PAINTED ROCKYS) 0 0
VEDDER/PYRAMID HITLLS 3 12,150
PICO TURBIDITES 1 2,550
TOTAL 8 22,200

5.2 San Ardo - King City Play, Salinas Basin, California

5.2.1 Geology

The San Ardo - King City Play in the Salinas Basin (Figure 5.3) of southern California has
several fields which produce from strandplain/barrier island deposits. San Ardo field, vastly larger
than the rest with an estimated OOIP of 1.25 billion barrels, according to the TORIS database,
produces from the Lombardi and the Aurignac sands (Figure 5.4) of the Upper Miocene Monterey
formation. Other much smaller fields nearby (e.g., Lynch Canyon field, Lombardi Pool, Paris
Valley field) produce from reservoirs similar in age to the San Ardo field, while the King City field
to the-northwest produces from Middle Miocene sands of the Monterey (Figure 5.5).
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5.2.1.1 Geologic Characteristics

The Salinas Basin is a structural trough and Miocene sedimentary basin lying between the
Salinas River on the northeast and the Lockwood Valley on the southwest. The basin is about 45
miles long, averages 6 miles wide, and contains up to 15,000 feet of marine sediments at its
deepest point (Gribi, 1963). Up to 3,000 feet of Middle Miocene sediments were deposited with
only small variation in intraformational thickness throughout the basin. On the east side of the
basin, sediments lap onto non-marine or basement rocks. Strandplain/barrier island sands are
developed along this depositional edge. Most sands exhibit a transgressive architecture overall, but
according to Gribi (1963) in the King City field area, up to 1,500 feet of sand are interbedded in
the Middle Miocene section. During deposition of the Upper Miocene, up to 8,000 feet of shales
were deposited in the basin center, but the section thins rapidly shoreward. Again,
strandplain/barrier island sands in a transgressive architecture were deposited on the eastern shelf
of the basin. Individual sand bodies range from 30 to 200 feet in thickness and are traceable for up
to 15 miles along strike (Gribi, 1963). After deposition of the potential reservoir sands, movement
along basement faults caused development of a linear feature—the King City Hinge Line on Figure
5.5—separating the shelf from the deep basin. Organic shales of the deeply buried Monterey in the
basin center are the likely source for hydrocarbons trapped in these strandplain/barrier island
TEServoirs.

5.2.1.2 Reservoir Models and Major Controls on Production

San Ardo field produces from two Upper Miocene strandplain/barrier island sands, the
Lombardi sand and the Aurignac sand (Figure 5.4 and Figure 5.6). In these reservoirs, as in other
Upper Miocene reservoirs in the basin, sands are very coarse and well-sorted with permeabilities
averaging 4 Darcies in the Lombardi, 1 Darcy in the Aurignac, and porosities in both about 30%
(Miller, 1953). At San Ardo field, oil is stratigraphically trapped against the seaward edge of.
Distal Bar facies sands on the western edge of the deposit, toward the King City Hinge Line -
(Figure 5.5 and Figure 5.6, previously referenced). Uplift on vertical faults at the end of Santa
Margarita deposition led to doming along the shelf edge and subsequent removal of up to 150 feet
of reservoir rock at San Ardo field.
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Figure 5.6 Stratigraphic Cross Section Through the California
Class 4 San Ardo Field (Source: Baldwin, 1953)

The King City field produces from the Middle Miocene Thorup sand, a well-cemented sand
with permeabilities in the 0.5 to 2 Darcy range (Figure 5.4, previously referenced). In this
reservoir, oil is also stratigraphically trapped by updip pinch-out toward the King City Hinge Line,
but in this instance, against the landward edge of the strandplain/barrier island sand development.
Post-Monterey vertical tectonic movements have complicated the structure of the King City field.

5.2.2 Production Characteristics

Within the major California strandplain/barrier island plays, the San Ardo-King City Play has
the highest estimated ROIP at approximately 1.1 billion barrels of heavy oil. The OOIP is

estimated at 1.5 billion barrels as reported in the TORIS database, of which 27% has been
recovered.

The reservoirs of the San Ardo-King City Play are characterized by heavy crude with average
oil gravity of 12° API. Reservoirs occur at average depths of 2,200 feet with average porosity,
permeability, and initial oil saturation of 34%, 3,600 mD, and 73% respectively. Average net and
gross pay are slightly over 100 feet and 140 feet, respectively.
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5.2.3 Improved Oil Recovery Projects

Steam flooding is the primary recovery process used in the San Ardo-King City Play in
California. In the early days of steam flooding, Texaco was very active in developing this process
in the San Ardo field in California. The two major producing reservoirs in the field are the
Aurignac and Lombardi sands. Table 5.4 exhibits reservoir properties for the two producing
formations based on the TORIS database and data from field operators. Mobil was also active in
San Ardo field development using cyclic steam and in situ combustion.

AURIGNAC RESERVOIRS LOMBARDI RESERVOIR

TORIS MOBIL TEXACO TORIS MOBIL TEXACO
DEPTH, FT 2,350 2,300 2,300 2,122 2,100 2,000
NET PAY, FT 100 97 133 103
GROSS PAY, FT 120 160
POROSITY, % 34 35 35 33 33 35
PERMEABILITY, mD 2,200 2,000 1,000-3,000 5,000 2,250 3,000-7,000
INITIAL OIL 73 55 74 55
SATURATION, % (Project start) (Project start)
GRAVITY, "AP1 12 12 13 11 11 i 11-12

During the early stages of San Ardo field development, Texaco tested an inverted five-spot
pilot and a conventional five-spot pattern, both in the Aurignac formation. Results of the steam
flood in the two pilot tests indicated that the inverted five-spot pattern recovered oil more
efficiently. The average production reported from the inverted five-spot was 401 barrels of oil per
day (BOPD) compared to 104 BOPD from the conventional five-spot (Traverse, et al., 1983).
Using information from the pilot test, a full-scale steam drive was initiated in 1969 by Texaco
using a 20-acre inverted nine-spot pattern with three effective producers per injector. Table 5.5
summarizes the results of the steam projects initiated by Mobil and Texaco in the reservoirs of the
San Ardo field. Results from these projects have demonstrated that 50% recovery of the OOIP is
achievable. In addition, infill drilling accounted for significant additional recovery representing
approximately 10% of the ultimate field recovery.

ABAS]
AURIGNAC RESERVOIR LOMBARDI RESERVOIR
MOBIL TEXACO MOBIL TEXACO

EARLIEST PROJECT DATE 1964 1964 1963 1965
MAXIMUM PROJECT SIZE, 2,909 1,350 3,041 240
ACRES
CURRENT PROJECT SIZE, 95 240 470 51
ACRES
CURRENT NO. WELLS 56 36 128 31
CURRENT EOR 3000 100 1,900 2,500
PRODUCTION (BOPD)
CURRENT STATUS ACTIVE ACTIVE ACTIVE ACTIVE
EOR HISTORY CYCLIC STEAM CYCLIC STEAM | CYCLIC STEAM AND | CYCLIC STEAM AND STEAM

AND STEAM AND STEAM STEAM DRIVE DRIVE

DRIVE DRIVE
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As part of field and reservoir management, Texaco started an extensive program in 1985 to
improve the quality of the field's production testing systems. Texaco created a production testing
system which delivered a five-fold improvement in testing frequency and reduced the field gauging

variability from ¥40% to approximately £5% (Christianson, et al., 1991).

In addition, Texaco developed a process to shut off steam and water encroachment in
production wells. The process involves placing a stable resin across the zone to be shut off. The
resin leaks off into the formation where it polymerizes to form an impermeable plug. This resin
plug is stable to a temperature of 700° F and inert to normal oil field chemicals. Four applications
of the resin technology were tested: water entry in production wells, steam cutting in production
wells, near surface casing leaks, and injection well leaks (Littlefield, et al., 1992). In the San Ardo
field, the resin technology was tested in one well for water production, but results were not
documented to indicate the success or failure of the test.

5.3 Vaqueros Formation Play, Cuyama Basin, California

5.3.1 Geology

The Vaqueros Sandstone formation is one of the major California plays producing from
strandline and shoreline/ barrier island depositional environments. Four fields are productive in
Vaqueros or equivalent formations: Capitan field and Summerland (offshore) field produce from
the Vaqueros reservoir; Cuyama South field produces from the Homan reservoir; and Russell
Ranch field produces from the Dibblee Sands reservoir.

5.3.1.1 Geologic Characteristics

The Vaqueros formation is a late Oligocene to early Miocene Age transgressive sequence of
marine strata located in the Cuyama Basin (Figure 5.3, previously referenced) (Lagoe, 1984).
Subsidence along a basin margin surrounded by fluvial systems caused the development of barrier
bars (i.e., barrier islands of this report) in the Vaqueros (Edwards, 1971). The sands of the barrier
bars or barrier islands are coarse-grained and cross-bedded (Edwards, 1971).

A stratigraphic column for the Vaqueros formation (Figure 5.7) shows the basic relationships
of the Cuyama Basin rocks in the Caliente Range (Lagoe, 1984). The lowest unit in the Vaqueros
is the Quail Canyon Sandstone member which outcrops only in the southeast Caliente Range, but
is widespread in the subsurface of Salinas Valley in the Cuyama Basin (Bartow, 1978). It is
present along the margins of the Cuyama Valley in the South Cuyama oil field and the Taylor
Canyon oil field (Bartow, 1974). The lithology and fossil content suggest a shallow marine
environment of deposition (Bartow, 1978).
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Figure 5.7 Stratigraphic Column for the California Class 4
Vaqueros Formation Play (Source: Lagoe, 1984)

The overlying Soda Lake Shale member of the Vaqueros formation reaches a maximum
thickness of 1,800 feet in the southeastern part of the Caliente Range (Bartow, 1974). East of the
Caliente Range, the Soda Lake thins and intertongues with the Painted Rock Sandstone member of
the Vaqueros which is stratigraphically higher. The Soda Lake Shale is typically a hard, dark gray
to grayish-brown siltstone with platy shale and interspersed thin sandstone beds and one 40 foot
unit of cherty shale (Bartow, 1974). As the Soda Lake thins eastward, it becomes progressively
more sandy (Bartow, 1974). '

The Painted Rock Sandstone member of the Vaqueros formation is a thick clastic unit of
shallow marine origin (Yeats, et al., 1989). At Caliente Mountain, the Painted Rock Sandstone is
more than 6,000 feet thick (Bartow, 1974). In the southwest section, the Painted Rock thins to
300 feet over the granitic basement high where both the Quail Canyon and Soda Lake Members are
absent (Bartow, 1974).

The Vaqueros formation was deposited during a rapid transgression from late Oligocene to
early Miocene (Osborne and Fritsche, 1987). The eastern section was a fluvial-deltaic system,
while the western section was a wave-dominated erosional coastline (Osborne and Fritsche, 1987).
The western section has marine deposits ranging from offshore to backshore and the eastern
section is prodelta, delta front, and delta plain (Osborne and Firtsche, 1987). Rigsby (1989)
subdivides the western section of the Vaqueros paleogeographically into barrier/spit, outer
shoreface and inner shelf environments. Sediment reached the Vaqueros shelf from two directions;
from the mainland to the east and from the partially emergent trench-slope break in the west
(Rigsby, 1989). The sediment sources included Salinian granitic rocks, Franciscan rocks from the
north and granitic and volcanic rocks from the southeast (Edwards, 1971). These were deposited
in shallow water in the rapidly subsiding basin (Edwards, 1971). As transgression crossed the
area, the western shoreline was drowned producing filled incised valleys and backstepping
shoreline barrier deposits in the eastern part of the region (Rigsby, 1989).

Comparison of the oil produced from fields in the Vaqueros and Monterey formations with
rocks in the region suggest the Soda Lake as the most likely source (Lundell and Gordon, 1988).
Vitrinite reflectance and weight % hydrocarbon yields also support this conclusion (Kornacki,
1988). Samples from the three largest oil fields in the Cuyama Basin were tested and the carbon
isotopic data and ratios of oil and gas correlate with samples from the Soda Lake Shale (Lundell
and Gordon, 1988).
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5.3.1.2 Reservoir Models and Major Controls on Production

The Oligocene sandstones of the Vaqueros formation at Capitan and Hondo oil fields are
defined as shoreline sandstones and conglomerates and inner shelf sandstone facies (Rigsby, et al.,
1991). Outcrops of the inner shelf sand are burrowed, cross-bedded, gravelly sandstones
(Rigsby, et al., 1991). At Hondo field the base of the Vaqueros shows a sharp grain-size change
from interbedded fluvial-deltaic sands of the Sespe formation to inner shelf sands of the Vaqueros
(Rigsby, et al., 1991). The complexity of the depositional environments seen in a tract across the
Santa Ynez Mountains including Hondo and Capitan oil fields is due to the interaction of
sedimentation and tectonics in a tectonically active depocenter (Rigsby, et al., 1991).

Figure 5.8 shows the position of the Russell Ranch and South Cuyama oil fields in relation to
the mountain ranges and faults in the Cuyama Basin (Yeats, et al., 1989). Both of these fields
produce light oil from 30° to 40° API from the Dibblee and Colgrove reservoir sandstones of the
Vaqueros formation (Kornacki, 1988). The Russell Fault in the subsurface of the Cuyama Basin
is the controlling structure on oil production for the entire southern Salinian block of coastal
California (Yeats, et al., 1989). Movement along the fault began in the late Oligocene about 23
million years ago (Yeats, et al., 1989).
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Figure 5.8 Regional Geologic Map of Cuyama Basin and Vicinity
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The lower Miocene Dibblee reservoir sandstone at Russell Ranch field has been interpreted as
shoreline barrier island deposition (TORIS). Isopach maps of the field reveal a syncline trending
counterclockwise from the Russell Fault (Yeats, et al., 1989). Folding along the fault trend
formed a very thick deposit of the upper Vaqueros in Russell Ranch field (Yeats, et al., 1989).
Further evidence of right-lateral displacement along the Russell Fault is found in the South Cuyama
field where a tongue of shallow-marine sandstone thins and intertongues with the Saltos Shale
Member of the Monterey formation (Yeats, et al., 1989).

5.3.2 Production Characteristics

The Vaqueros Strandplain/Barrier Island Play Class 4 reservoirs average 200 feet of net pay
producing light oil with an average gravity of 32° API. Vaqueros reservoirs are located at average
depths of 3,500 feet. Average initial oil saturation was 69%. The average permeability and
porosity for Class 4 reservoirs of this play, as reported in the TORIS database, are 169 mD and
26%, respectively. The OOIP is reported at slightly over 1.0 billion barrels with a cumulative
recovery of 268 million barrels. The ROIP represents 74% of the OOIP.

5.3.3 Improved Oil Recovery Projects

A literature search indicated that improved oil recovery projects have not been conducted in the
reservoirs of this play.

54 Vedder And Pyramid Hills Play, San Joaquin Valley, California

5.4.1 Geology

Class 4 production in the Vedder/Pyramid Hills Play comes from six fields: Edison, Greeley,
Jasmin, Mount Poso, Round Mountain, and Round Mountain Main fields. Most production.
comes from different members of the Vedder formation. Some production is realized from the
Jewett and Freeman formations.

5.4.1.1 Geologic Characteristics

The Vedder formation has been described as a slope or “ramp” between non-marine and deep-
marine deposits (Bloch, 1986). 1t is a thick subsurface deposit in the eastern San Joaguin Valley
of California (Bloch, 1986; Olson, 1988). Several outcrops at Poso Creek and Chalk Cliff (Olson
1988) in the southeastern portion of the San Joaquin Valley are up to 750 feet thick (Block, 1986).
Downdip, the Vedder thickens to over 1,500 feet reflecting deposition under conditions of rapid
subsidence (Bloch, 1986).

The Vedder (upper Oligocene) and the overlying Jewett (lower Miocene) sandstones are part of
a retrogradational parasequence (a landward-stepping series of deposits bounded above and below
by marine transgressions) defined by seismic data. Both formations contain a wide variety of
alluvial, fluvial-deltaic and shallow marine facies (Tye, et al., 1991). A major unconformity
developed as the Jewett Sand transgressed over the Vedder (Olson, 1988). A period of rapid
subsidence occurred during the late Oligocene and early to mid Miocene, and deposition continued
with the Freeman Silt (Olson, 1988). The thick sequence of the Vedder has been described as
alluvial, fluvial-deltaic, shallow marine to shoreline barrier origin in the Upper Vedder (Tye, et al.,
1991; Olson, 1988; and Iyican, 1991). Dean (1986), however, attempted to define the entire
Vedder as a submarine fan deposit consisting of offlapping clastic wedges representing deep
marine environments.

]
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5.4.1.2 Reservoir Models and Major Controls on Production

The Vedder, Jewett (Pyramid Hill Member) and Freeman Silt (middle Miocene) are the major
oil-bearing sands in the southern San Joaquin Valley (Figure 5.3, previously referenced) (Bartow
and McDougall, 1984). A stratigraphic column (Figure 5.9) shows the relationship of these
formations to underlying and overlying sediments (Bartow and McDougall, 1984). Portions of
these formations in the Mount Poso and Round Mountain fields have been described as near-shore

marine, barrier island or shoreface deposits. Faulting is of major importance in trapping oil in both
Mount Poso and Round Mountain fields.
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The main producing horizon at the Mount Poso oil field is the Upper Vedder Sand at a depth of
1,800 feet (Iyican, 1991). This sand is a barrier island deposit of lower Miocene age (Iyican,
1991). Mount Poso field is bounded by sealing faults on both the north and east and is a
remarkably homogeneous sand (Tyican, 1991) with good lateral continuity and no major shale
breaks (Stokes, et al., 1987). Production began at Mount Poso in 1926. Primary production
continued until 1971, when steam drive methods took over to produce the heavy, 15° API gravity
oil (Iyican, 1991). Original oil-in-place is estimated at 214 million barrels (Iyican, 1991).

The gross pay zone at Mount Poso field is 70 feet, and the net pay zone is 55 feet (Chu, 1983).
Mount Poso field is 290 acres in extent and, as of 1983, had 159 producing wells (Chu, 1983).
The average porosity for the Upper Vedder Sand at Mount Poso field is 33% and permeability
averages 10 to 20 Darcies (Stokes, et al., 1987).

Mount Poso field is a long, narrow, fault-bounded field with a dip of 6° (O’Dell and Rogers,
1978). The field is an easterly rising homocline (Stokes, et al., 1987). The Upper Vedder sand at
Mount Poso field is coarse- to medium-grained, well-sorted, subrounded and unconsolidated.
Thin silt stringers, probably interdune Swale deposits as defined in this report, occur in the Upper
Vedder and may inhibit oil flow within the reservoir (Stokes, et al., 1987). These stringers are not
continuous throughout the field but are correlatable only in small areas. Minor faulting also occurs
in the Upper Vedder, but reservoir pressure data indicate no barriers to fluid movement (Stokes, et
al., 1987).

The Round Mountain oil field produces from several zones in the Upper Oligocene to Mid
Miocene parasequences of the Upper Vedder, the Pyramid Hill Member of the Jewett, and the
Freeman formations (Harding and Tuminas, 1989). As of 1984, the estimated oil recovery was
approximately 92 million barrels (Harding and Tuminas, 1989).

Oil fields in the San Joaquin Valley are excellent examples of the influence of major fault
systems on oil entrapment and production. The San Joaquin Valley is a foredeep basin formed by
major wrench faults, with normal faults on the flank of the Bakersfield Arch (Harding and
Tuminas, 1989). Faulting in the region of the Bakersfield Arch has trapped approximately 700
million barrels of oil reserves (Harding and Tuminas, 1989). The mechanism for oil entrapment is
a complex of normal faults (Harding and Tuminas, 1989). The Round Mountain Main and Coffee
Canyon reservoirs are sealed by faulting against down-dropped shales, while the Pyramid Hills
reservoir is sealed by a large lateral fault which places the reservoir against crystalline basement
rocks (Harding and Tuminas, 1989).

5.4.2 Production Characteristics

Vedder/Pyramid Hills Class 4 reservoirs are located at an average depth of 3,500 feet
producing oil with an average gravity of 22° API from a net pay thickness of 61 feet. Table 5.2
(previously referenced) exhibits the various reservoir parameters for this play. As indicated in
Table 5.2, the average reservoir porosity, permeability, and initial oil saturation are reported at
32%, 1,650 mD, and 70% respectively.

Estimated OOIP for the reservoirs of this play is 1.2 billion barrels with an ultimate recovery of
19% of the OOIP. The ROIP is approximately 735 million barrels, representing over 60% of the
OQIP.
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5.4.3 Improved Oil Recovery Projects

Shell's Mount Poso steamflood project is the primary thermal project in the Vedder/Pyramid
Hills Play. Mount Poso field is located approximately 14 miles north of Bakersfield, California.
Shell began steam flooding the main productive horizon, the Upper Vedder sand, in 1970.

Net pay in the Upper Vedder reservoir averages 55 feet with a net to gross pay ratio of 0.73
(Stokes, et al., 1987). Porosity averages 33% with permeability averaging up to 20 Darcies. Even
though the 15° to 16° API crude has a viscosity of 280 cP at reservoir temperature, water-drive
primary recovery was high for heavy oil reservoirs—35% of the OOIP (Stokes, et al., 1987).

The project was developed in four phases from 1971 through 1977. In each phase, steam was
injected simultaneously for approximately two years into a row of injectors updip near a sealing
fault and another row downdip near the oil-water contact. The purpose of downdip injection was
to prevent the formation of a cold oil bank ahead of the steam condensation front in the mid-dip
region. The field is bounded on the north and east by a sealing fault and on the west and south by a
water-oil contact.

Field pilots and extensive physical model studies aided in understanding the process
mechanisms and provided a sound basis for project design. Furthermore, a comparison of phase 1
performance with model results showed excellent agreement on a total performance basis. Results
of the steam-drive process have increased field reserves significantly by improving the recovery
efficiency from 35% (primary recovery efficiency) to more than 60%.

The project addressed production problems similar to those encountered in most thermal
projects (i.e., sand control and lifting of fluids in hot wells). For the most part, these problems
were solved with conventional operating techniques.

Two separate simulation studies were conducted by Shell Oil in the Mount Poso field to
determine changes in operating policy necessary to optimize financial performance. Results
indicated that inert gas and cold water injection can improve the oil-steam ratio for the steam drives
from 0.275 to 0.31. In addition, steam cuts can improve the oil-steam ratio without changes in oil
production rates, thereby improving net oil production rate and net income. Additional results are
summarized by O'Dell, et al. (1978) and Iyican (1991).
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CHAPTER 6
MAJOR ROCKY MOUNTAIN
STRANDPLAIN/BARRIER ISLAND PLAYS

The strandplain/barrier island reservoirs in the Rocky Mountain region represent a significant
portion of the Class 4 resource in the country, as defined in the DOE Tertiary Oil Recovery
Information System (TORIS). The Class 4 resource in the Rocky Mountain states is found in four
significant plays or groups of plays: the Muddy Plays in Wyoming and Montana; the Gallup
Barrier Island Play in New Mexico; the D-J Plays in the Denver Basin; and other
strandplain/barrier island plays in Colorado, Montana, and Wyoming. Chapter 6 describes the
geologic characteristics of these plays relative to the trapping and production of hydrocarbons.

The reservoir and production characteristics of the Rocky Mountain Class 4 plays are
summarized in Chapter 6 based on the analysis of almost 60 reservoirs contained in the TORIS
database and review of the technical literature. This analysis indicates that reservoirs in these plays
exhibit fairly poor reservoir quality and recovery. Production has been impacted by the application
of improved recovery processes. Based on literature review, the improved recovery processes
which have shown favorable results in the Rocky Mountain Class 4 plays include: polymer
flooding, gel polymer profile modification treatments, cyclic CO, stimulation treatments, and
surfactant flooding. Significant potential exists for further application of improved recovery
technologies in Rocky Mountain Class 4 reservoirs (See Chapter 7 and 8).

6.1 Chapter Overview

Rocky Mountain states contain 2.1 billion barrels of remaining oil-in-place (ROIP) in Class 4
TeServoirs, representing 11% of the ROIP for Class 4 reservoirs listed in the TORIS database
(Table 6.1). Fields are generally in a very mature state with over 97% of the projected ultimate
recoverable oil already having been produced. Overall recovery efficiency is estimated at 33% of
the original oil-in-place (OOIP).



ORIGINAL | CUMULATIVE | ULTIMATE REMAINING NUMBER
OLL-IN-PLACE | RECOVERY RECOVERY | OIL-IN-PLACE | OF RESERVOIRS
MMBO MMBO MMEBO MMBO
STATE

LOWER CRETACEOUS STRANDPLAIN SS WY 1,035 252 253 782 16
CRETACEOUS MUDDY NEARSHORE S8 MT 224 130 132 92 1
LOWER CRETACEOUS MUDDY ESTUARINE SS WY 54 30 30 24 1
LOWER CRETACEOUS SS COMMINGLED-SW wY 61 39 39 22 1
WY

SUBTOTAL MUDDY PLAYS 1,374 450 454 920 19
GALLUP BARRIER ISLAND NM 651 104 104 546 8
DJ CAMBRIDGE ARCH NE 242 116 123 120 10
DAKOTA BARRIER ISLAND NM 50 20 25 26 3
DENVER BASIN D-J SANDS co 31 8 8 24 3
NW CO CRETACEOUS DAKOTA CHANNEL co 28 9 9 19 1
SANDS
LOWER CRETACEOUS DAKOTA STRANDPLAIN | WY 25 13 14 12 .2
SS
SAN JUAN BASIN DAKOTA-MORRISON SANDS co 19 7 7 12 1

SUBTOTAL D-J PLAYS 396 173 184 212 20
VINTA-PICEANCE BASIN MORRISON SANDS co 163 58 59 104 1
CENTRAL MONTANA STRUCTURAL TRAP MT 115 23 23 91 1
UPPER CRETACEOUS ALMOND BARRIER wY 194 91 94 100 2
BARS SW WY
TRIASSIC NEARSHORE SS-BIG HORN BASIN WY 116 59 63 54 2
MIDDLE CAMBRIAN FLATHEAD SS-SW WY WY 50 13 13 37 1
UPPER CRETACEOUS PARKMAN SS-POWDER wY 26 11 11 15 1
RIVER
UPPER CRETACEOUS MESAVERDE SS-WIND wY 20 8 9 11 1
RIVER
UPPER MISSISSIPPIAN DARWIN WY 13 3 3 10 1
STRANDPLAIN-SW WY
TRANSGRESSIVE AMSDEN DEPOSITS- wY 13 5 7 7 1
BIGHORN BASIN

SUBTOTAL OTHER PLAYS 711 271 283 428 11

TOTAL WYOMING/ROCKIES 3,131 998 1,025 2,106 58

PLAYS |

T e == —

About 44% of the ROIP in the Rocky Mountain states is contained in Wyoming's Muddy
Plays. Another 26% is contained in New Mexico's Gallup Barrier Island Play, followed by the D-
J Plays in the Denver Basin with 10%, and other plays in Colorado, Montana, and Wyoming
contributing the remaining 20%. The ROIP volumes and average reservoir parameters, calculated
from TORIS reservoir data, for these plays are summarized in Table 6.2.
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MAIOR PLAYS
GALLUP OTIER OVERALL

MUDDY BARRIER D-J WYOMING/ | AVERAGE

PLAYS ISLAND PLAYS ROCKIES VALUES
REMAINING OILIN-PLACE, MMBO 520 546 212 428
NETPAY, FT T8 74 70 43 77
POROSITY, % 1% 13 71 16 17
INITIAL OIL SATURATION, % 1 56 59 71 %9
DEPTH, ET 6.378 1,604 1377 5,408 3317
PERMEABILITY, mD 33 33 73 72 160
GRAVITY, ° APl 39 e 34 33 37
INITIAL PRESSURE, PSI 7.840 7853 725 7,190 7,155
ULTIMATE RECOVERY % 28 12 74 PY3 28

Class 4 production is primarily light oil from moderate depth reservoirs. Net pay ranges.from
18 to 45 feet. Average permeability ranges from a low of 33 mD in the Gallup Barrier Island Play

to a high of 478 mD in the D-J P1

ays. Recovery efficiencies in the Muddy, Gallup Barrier Island,

and D-J Plays are 28, 14, and 24% respectively.

The Lower Cretaceous (Albian) Muddy Sandstone is the uppermost member of the Dakota

Group and is correlative with the J Sandstone in the D
Vaughan Bow Island sandstones of Montana,

enver Basin of eastern Colorado, the
parts of the Bear River formation in the Overthrust

belt of Utah and Wyoming, and the Viking formation in Canada.

The Muddy Sandstone is a relatively thin stratigraphic interval, usually less than 100 feet thick
that is characterized by a wide variety of marine and nonmarine depositional paleoenvironments
resulting in rapid vertical and lateral facies changes. The sequence of depositional environments
found in the Muddy Sandstone and correlative formations was controlled by changes in sea level
and consist of (from older to younger): (1) strandplain/barrier island deposits formed during a sea
level drop (regression); (2) valley fill and fluvial channel deposits formed during a sea level drop
and subsequent sea level rise (transgression); and (3) strandplain/barrier island deposits formed
during a sea level rise (transgression).

3

The Muddy Sandstone and equivalent strata have produced more than 1.5 billion bbl of oil-
equivalent hydrocarbons (MMBOE). Valley fill and channel reservoirs have produced at least 359
MMBQE, transgressive marine reservoirs have produced another 315 MMBOE, and older marine
reservoirs have produced more than 268 MMBOE.
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Major oil companies produced nearly two-thirds of the 1991 production from Class 4
reservoirs in the Rocky Mountain region (Figure 6.1). Small independent operators produced 29%
of 1991 production, while midsize and large independent operators each produced 3% of 1991
production. Annual production volumes since 1970 from the Wyoming/Montana Muddy Plays,
the Gallup Barrier Island Play, and the D-J Sand Plays are illustrated in Figure 6.2. The shallow
decline rate observed in the Muddy Plays reflects the maturity of the production. The production
response in the Gallup Barrier Island Play roughly coincides with startup of an Arco polymer
project in the Horseshoe field in New Mexico. Relatively flat production in the D-J Sand Plays
from the late 1970s through the late 1980s is believed to reflect increased drilling activity during
that time period.

MIDSIZE
INDEPENDENTS
SMALL 3%
INDEPENDENTS
29%

LARGE SRS
INDEPENDENTS ————#- [
3%

MAJOR OIL
COMPANIES
85%

Figure 6.1 Operator Profile for Rocky Mountain Class 4 Reservoirs
(Source: BPO TORIS, 1994)
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Figure 6.2 Historical Production for Major Rocky Mountain Class 4
Plays (Source: BPO TORIS, 1994)

Historical improved oil recovery activity in Rocky Mountain Class 4 reservoirs is summarized
in Table 6.3. Most activity has been in the Muddy and D-J Plays with polymers representing the
most widely used process. None of the three surfactant projects, two in the Bell Creek field and
one in the Big Muddy field, are currently active. The in situ combustion project in the Hospah
South field in New Mexico has also been terminated. Project numbers shown in Table 6.3 do not
reflect interest in the Northern Rockies in gel polymers and cyclic CO, stimulation treatments.
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6.2 Muddy, Dakota, And Equivalent

BYPLAY PROJECTS BY PROCESS PROJECTS
MUDDY PLAYS 6 POLYMER 7
GALLUP BARRIER ISLAND 1 GEL POLYMER 1
D-TPLAYS 5 SURFACTANT 3
OTHER PLAYS IN SITU COMBUSTION 1
TOTAL ALL PLAYS 12 TOTAL ALL PLAYS 12

Formations Strandplain/Barrier

Island Plays

Because Rocky Mountain Class 4 reservoirs have many similarities in terms of geological and
production characteristics, they will be discussed together in the following sections. Most
emphasis will be placed on the Muddy Sandstone, a play which is considered to be representative
of the other formations in the combined play. Improved oil recovery projects, however, will be
discussed separately for each formation or sub-play.

6.2.1 Geology

The Lower Cretaceous (Albian) Muddy Sandstone is the uppermost member of the Dakota
Group and is bounded by the Skull Creek Shale below and the Mowry Shale above (Figure 6.3).
The formations correlative with the Muddy Sandstone are the J Sandstone in the Denver basin of
eastern Colorado, the Vaughan Bow Island sandstones of Montana, parts of the Bear River
formation in the Overthrust belt of Utah and Wyoming, and the Viking formation in Canada. The
Dakota Sandstone of Utah and northwestern Colorado is equivalent to or younger than the Muddy
Sandstone of Wyoming.
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6.2.1.1 Geologic Characteristics

The Muddy Sandstone is a relatively thin stratigraphic interval, usually less than 100 feet thick,
that is characterized by a wide variety of marine and nonmarine depositional paleoenvironments
resulting in rapid vertical and lateral facies changes. The complex stratigraphic and lithofacies
relationships within and between members of the Muddy and the presence of subaerial
unconformities within the Muddy are evidence of a complicated interplay between both regional
and local basin tectonics and eustatic sea-level changes during Muddy time.

Dolson, et al. (1991) outline the following three predominant rock assemblages found in the
Muddy Sandstone:

* Fine-grained to conglomeratic lithic and quartz arenites containing abundant coaly debris,
shale rip-up clasts, erosive basal contacts, and trough and planar cross-bedding. These
assemblages are most commonly point bar, braided stream, or fluvial channel deposits.

* Fine to very fine-grained quartz arenites (occasionally arkosic) with either gradational or
sharp bases, abundant to moderate trace fossils, horizontal to low-angle laminations, and
occasional cross-bedding. This facies generally comprises beach, barrier island or offshore
bar sandstones. Gradational lower contacts occur in units conformable with the Skull
Creek Shales. Sharp lower contacts are associated with unconformities.

* Interbedded black organic-rich fissile shales, coals, and waxy green shales (relatively rare)
interbedded with thinly bedded sandstones containing ripple or wavy laminations. This
facies can occur within lagoon, overbank and splay deposits or abandoned channel fills.

The sequence of depositional environments found in the Muddy Sandstone and correlative
rocks result from sea level changes. Initial Muddy deposition, time T1 on Figure 6.4, consisted of
strandplain/barrier island sands that prograded seaward during a sea-level highstand and
subsequent regression. The shoreline regressed from the position indicated at time T1 to the
position of time T2 (Figure 6.4). Examples of these strandplain/barrier island sandstones include
the Rozet member, Lazy B and the Bell Creek field Muddy formation of the Powder River Basin
(Gustason, et al., 1986); the Fort Collins member of the Denver Basin (MacKenzie, 1971); and the
J-3 sand of the Denver Basin (Dolson and Nibbelink, 1985). These sandstones are the older
marine or maximum regression shoreline sandstones of Dolson, et al. (1991).
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Figure 6.4 Stratigraphic Model for Sequence of Deposition of the
Muddy Sandstone. During time T1 and T2, the
deposition of maximum regression strandplain/barrier
island deposits occurs. During time T3, sea level drops
forming a basin-wide lowstand surface of erosion and
incised valleys. Subsequent sea level rise
(transgression) fills valleys with channels, estuarine and
other marine deposits. Final Muddy deposition, not -
shown here, consists of the deposition of transgressive
strandplain/barrier islands over the valley fill deposits,
and the overlying Mowry Shale. (Modified from: :
Weimer, et al., 1982) :

Recurrent movement along basement faults created structural and topographically high areas.
A sea level drop caused a regional erosional surface at time T3 (Figure 6.4), and a drainage system
was incised by erosion into and/or through the strandplain/barrier island sandstones deposited
during T1 and T2. The erosional surface is referred to as the lowstand surface of erosion (LSE).
The topographic lows created by basement fault movement controlled the location of the drainage
systems and the subsequent valley incisement (Figure 6.4). As the sea-level rose, the incised
drainage valleys were inundated by the sea and filled with sediments. The resultant valley fill
deposits are the Recluse, Cyclone, Ute and Springen Ranch members in the Powder River Basin
(Gustason, et al., 1986); the Horsetooth member in the Denver Basin (MacKenzie, 1971) and parts
of the J-2 sand in the Denver Basin (Dolson, et al., 1991)

Individual valley widths range from tens of miles to hundreds of feet. Internal valley fills are
highly variable, representing a spectrum of sedimentary environments and lithologies. Valley fill
sediments can consist of both fluvial and marine sandstones or may be dominantly shale,
depending upon the availability of sediment during trans gression.

In spite of continued sea level rise, progradational barrier island sequences formed over the
valley fill deposits (not shown in figure). Muddy Sandstone deposition ended with the deposition
of overlying marine Mowry Shale.
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6.2.1.2 Reservoir Models and Major Controls on Production

Production from the Muddy Sandstone and equivalent lower Cretaceous strata is present in
many basins in the northern Rocky Mountain states of Montana, Wyoming, Utah and Colorado
(Figure 6.5). The Muddy Sandstone and equivalent strata have produced more than 1.5 billion
barrels of oil-equivalent hydrocarbons (MMBOE) (Dolson, et al., 1991). Significant reserves are
still being discovered after nearly 70 years of continuous exploration. No production in the Muddy
Sandstone has been established in the Williston or Paradox basins or in north-central Montana,

probably due to burial depth insufficient to generate hydrocarbons from Mowry and Skull Creek
Shale source rocks (Burtner and Warner, 1984).
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Patterns of production are related to combinations of favorable Laramide structure, diagenesis,
hydrodynamics, migration paths and burial history. High-quality reservoirs are most commonly
developed within or near major valley systems where an adequate sediment supply was available
for reservoir development and preservation during trans gression. Where the Muddy Sandstone is
thin on intervening regional divides or within lowstand basins, production is usually poor with
little or no reservoir developed. A regional understanding of the paleotopographic history and
provenance of the Muddy Sandstone is critical to high-grading future exploration and reservoir
development activity.

6.2.2 Production Characteristics

A fair correlation exists between porosity and permeability independent of Muddy Sandstone
depositional environments within producing fields (Dolson, et al., 1991). No clear relationships
exist between porosity and depth for producing fields in any formation of the Dakota Group. The
development of secondary dissolution porosity is cited as a major factor in the lack of clear-cut
correlation between porosity and depth (Dolson, et al., 1991).

Anomalously high porosity at depth has been encountered, primarily on the Moxa Arch,
Wyoming. Here, porosity can exceed 20% with permeability in excess of 1 Darcy at 15,000 feet,
primarily from coarse-grained, channel sandstones (Dolson, et al., 1991). This porosity results
from dissolution of intergranular calcite and dolomite cement.

Work conducted by Almon and Davies (1979) indicates that diagenetic clay mineral
assemblages can be equated to specific, equivalent sedimentologic units (different reservoir zones).
The older marine sandstones (e.g., Bell Creek field sand) are characterized by a kaolinite-chlorite-
illite-quartz assemblage with some smectite. The valley and channel fills of the Muddy Sandstone
are characterized by an illite-smectite assemblage with sporadic chlorite, quartz and kaolinite. The
transgressive marine Muddy sandstones are characterized by a kaolinite-quartz assemblage.

Well stimulation and completion treatment design should consider the diagenetic assemblages
present in the reservoir sandstones. In the oldest Muddy Sandstones, the rocks will tend to be acid
sensitive, occasionally fresh water sensitive, and there will be migration of fines. In the younger
Muddy sandstones, the principal problem will be the migration of fines and the stabilizing of the
kaolinite.

Muddy Sandstone reservoirs typically are underpressured at shallow depths and overpressured
below 10,000 feet. Drive mechanism is commonly solution gas. Most fields require secondary
recovery early in the field history and depletion rates are rapid without pressure maintenance.

Cumulative production and reservoir properties for representative fields are presented in Table
6.4. Production can be related to the various Muddy Sandstone reservoir types (Figure 6.6).
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Figure 6.6 Cumulative Production from different Muddy Sandstone

Depositional Environments (Source: Dolson, et al.,
1991)

Valley fill and fluvial channel reservoirs have produced at least 359 million barrels of oil
equivalent (MMBOE), transgressive marine reservoirs have produced another 315 MMBOE, and
older marine reservoirs have produced more than 268 MMBOE. :

Reservoirs in the transgressive marine sandstones have the best per field reserves with
cumulative production of 10-25 MMBOE common (Figure 6.6). Hilight field exhibits the largest
cumulative production with 74 MMBO and 227 bef produced since its discovery in 1969. Adena
field (Denver Basin) has similar production (Mygdal, 1963). Most of the larger transgressive
marine fields overlie major valley systems, indicating the importance of fluvial sand input during
transgression for thick reservoir development. The higher per-field reserves are attributed to a
more homogeneous reservoir, particularly when compared to highly variable valley-fill traps.

In general, the older marine reservoirs are lower in productivity, where 268 MMBOE has been
produced out of 14 fields. Only 3 of the 14 fields contain major reserves. Reservoir destruction
due to capping paleosol formation may contribute to the low reserves (Weimer, et al., 1986;

Odland, et al., 1988). Older marine reservoirs commonly have a sheet geometry with few traps
available.

An exception to the low productivity of older marine reservoirs is Bell Creek field. Weimer
(1985) attributed the bulk of the more than 130 MMBOE production from exceptionally porous and
permeable sandstones preserved under a major unconformity.

Valley fill and channel reservoirs are most numerous but typically have small per-field
reserves. The two largest valley-fill fields are Grieve with 41 MMBOE (Mitchell, 1976) in the
Wind River Basin and the Recluse field with 38 MMBOE. The Clareton trend contains over 60
MMBOE in numerous pools.

The 585 MMBOE of reserves not attributed to specific fields in the discussion above is

distributed through hundreds of small pools whose individual cumulative productions have not
exceeded 2 MMBOE,
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6.2.3 Improved Oil Recovery Projects (Major Plays)

Significant IOR activity has occurred in the Muddy and Frontier Play and in the D-J Plays.
Polymer and surfactant processes have received most attention in the Muddy and Frontier Play.
Polymer, gel polymer, and in situ combustion processes have been applied in the D-J Plays. Only
one polymer project has been reported in New Mexico's Gallup Barrier Island Play. In the

northern Rockies, CO; and gel polymer applications have received attention.

6.2.3.1 Muddy and Frontier Plays

Polymer and micellar-polymer processes have been the predominant processes used in the
Muddy Plays. Polymer projects have been conducted in the Fiddler Creek, Hilight, and Ute fields
listed as Class 4 reservoirs in the TORIS database. Table 6.5 summarizes data from the Enhanced
Oil Recovery Project Database (Pautz, et al., 1992) for these projects. Reservoir depth ranges
from 4,400 feet in the Fiddler Creek field to 9,600 feet in the Hilight field. Bottom-hole
temperature in the Hilight field exceeds that normally recommended for polymers. Oil gravities are
in the 40° API range and reservoirs are thin rather than massive. Note that Dolson, et al. (1991)
consider the Fiddler Creek to be a valley fill environment (Table 6.4, previously referenced) rather
than strandplain/barrier island.

FIDDLER CREEK HILIGHT
LOCATION (COUNTY, WESTERN, WY CAMPBELL, WY CAMPBELL, WY
STATE)
RESERVOIR NEWCASTLE MUDDY MUDDY
DATE STARTED 1985 1975 —
SIZE, ACRES 660 120 4,683

Il NO. OF WELLS 14 9 —
DEPTH, FT 4,400 9,600 6,386
TEMPERATURE, °F 120 234 —
GRAVITY, °API 40 40 —~
POROSITY, % 20 17 17
NET PAY, FT 6 — 18
GROSS PAY, FT — — 66

Historical activity also includes micellar-polymer or surfactant projects in the Bell Creek and
Big Muddy (Frontier) fields. These projects were conducted in conjunction with past Department
of Energy field demonstration or tertiary incentive programs. Although none of these projects are
currently active, their results provide valuable geological and engineering insight concerning the
Rocky Mountain Class 4 resource.
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Bell Creek

Bell Creek field was discovered in 1967 and was subsequently divided into geologically-based
units for the purposes of waterflooding. Waterflooding began in Unit A, a unit in the northern part
of the field, in 1970 using an edge-line drive along the western edge of the Unit. Process
screening indicated Union Qil Company's Uniflood™ micellar-polymer process would be an

effective tertiary process. A confined, 40-acre pilot in the northern part of Unit A was selected for
the pilot.

Before chemical injection, the pilot area was waterflooded for nearly 2 years resulting in oil
saturations being near waterflood residual. The chemical injection sequence included an alkaline
silicate preflush to control clays, the Uniflood™ micellar slug, followed by a polymer mobility
buffer. Micellar slug injection was completed by October 1979. Performance was worse than
anticipated due to unexpected permeability variations, directional permeability, and previously
unknown flow barriers (Holm, 1982). Another analysis (Fanchi and Dauben, 1982) indicated that

sulfonate equivalent weight and water salinity in the chemical slug also contributed to the poor
performance.

A second Uniflood™ micellar-polymer project was started in 1981 in Bell Creek Unit A.
Project location was about 3.5 miles south of the first pilot in an area that geological and
engineering investigation had established as being more homogeneous (Honarpour, et al., 1989).
Results were more favorable, and cumulative tertiary oil production from the 179-acre project area
was 1.37 million barrels of oil through August 1987.

An extensive, integrated geological and engineering analysis of the Bell Creek Unit A primary,
secondary, and tertiary production from the two tertiary pilots was supported by the DOE (Sharma,
et al., 1990; Honarpour, et al., 1989; Jackson, et al., 1991; Cheng and Sharma, 1991). Besides
demonstrating integrated reservoir management techniques, this work defined the mechanisms that
control production in Bell Creek Unit A. Sharma, et al. (1990) identified five factors affecting oil
production. These five factors are: (1) the stratigraphic relation of barrier sandstones to valley-fill;
(2) the development and architecture of barrier island facies; (3) the depth and width of erosional
cuts into the barrier island and the nature of infilling material; (4) clay content; and (5) local faulting
with associated fluid flow alteration.

The DOE-funded work in Bell Creek field culminated in guidelines for developing an integrated
reservoir model (Jackson, et al., 1991). These guidelines establish that different levels of model
detail are required for primary, secondary, and improved oil recovery (IOR) operations. For
primary, only a basic geological model is required. For secondary operations, the model must be
expanded to a permeability model including external boundaries, lateral variations in pay thickness,
and dip-strike considerations. For IOR operations, the model must be further expanded to a flow-

unit model identifying directional permeability trends, spatial variations in clay content, and faults
distorting flow paths.

Experience at Bell Creek indicates the strong need for a technique to identify heterogeneities
affecting fluid flow prior to starting IOR projects. To this end, Cheng and Sharma (1991)
developed a differential oil-in-place (DOIP) technique for identifying heterogeneities within a field
using data available prior to IOR operations. Results were validated in the Bell Creek project area
by comparing DOIP values with known heterogeneities.

Big Muddy Field

Conoco conducted two micellar-polymer pilots in the Second Wall Creek (Frontier formation)
reservoir in the Big Muddy field. An initial one-acre pilot led to a 90-acre, DOE cost-shared pilot.
Preflush injection began in February 1980, followed by micellar slug injection in anuary 1981,
followed by polymer drive bank injection in August 1982. Polymer injection was discontinued in
1985 due to injectivity problems and deteriorating production performance.
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Project incremental recovery through May 1987 was 290,000 barrels with ultimate project
recovery estimated at 390,000 barrels (Cole, 1988). Tertiary oil recovery was estimated at
219,000 barrels (Borah and Gregory, 1988) with recovery being only a fourth of original
predictions. Independent project reviews (Cole, 1988 and Borah and Gregory, 1988) cited lack of
fluid containment as the primary cause of poor performance. Poor containment resulted from a
natural fracture system, fracturing resulting from injection overpressuring, and completion quality
in old or abandoned wells. Facilities design practices resolved the oil treating problems often
experienced in micellar-polymer projects.

6.2.3.2 Gallup Barrier Island Play

Only one IOR project has been conducted in the Gallup barrier island Play, an Arco polymer
project in the Gallup formation in the Horseshoe field. This project, which began in 1983, is
relatively small (Pautz, et al, 1992) and little information is available.

6.2.3.3 DJ (Dakota) Plays

As with the Muddy and Gallup Barrier Island Plays, polymer methods have been the primary
IOR processes applied in this group of plays. Polymer projects have been conducted in the Sleepy
Hollow Reagan Sand Unit (DJ Cambridge Arch) in Nebraska and in the Hospah sands in the
Hospah and Hospah South fields (Dakota barrier islands) in New Mexico. A 1-year-long in situ
combustion project was also conducted in Hospah South field.

Amoco started polymer flooding the Reagan sand in the Sleepy Hollow Reagan Unit in 1985.
Waterflood efficiency had been limited by an unfavorable mobility ratio with the 31° API, 24 cP
viscosity crude. Conditions favoring polymer application included (1) high injectivity, (2) high oil
saturation, and (3) a readily available source of fresh water (Christopher, Clark, and Gibson,
1988). Oil production increased within 1 year of polymer injection and the producing water-oil
ratio dropped significantly. Estimated incremental recovery through October 1987 was 621,000
barrels of oil. Operating problems were experienced with producer plugging and corrosion once
polymer broke through in producers. This project is considered a technical and economic success.

Tenneco conducted an in situ combustion pilot in the Lower Hospah sand in the South Hospah
field in 1980-1981. In this field, the Lower Hospah (Gallup) sand is a clean, blanket sand about
100 feet thick. Crude gravity is 26° API. Secondary recovery activities prior to the in situ
combustion pilot included cyclic gas-water injection followed by waterflooding. Primary and
secondary recovery predictions of only 34% of the OOIP prompted IOR interest. Poor
performance caused the project to be terminated within 1 year. Post-project analysis indicated the
project failed because the combustion front propagated through the transition/water zone

-underlying the oil layer (Struna and Poettman, 1986).

Polymer methods have been applied in the Hospah area with more encouraging results
reported. Tesoro started separate polymer projects in the Hospah and Hospah South fields in
1983. Crude gravity in these projects was 24° API. Results in the Upper Hospah sand in the
Hospah field were considered encouraging (Pautz, et al., 1992).

Gel polymers have been applied in the Dakota formation in the Sage Spring Creek Unit A in the
Sage Spring Creek field. Although this reservoir is not listed in the TORIS database, prior work
(Jackson, 1986 and Mallory, 1972) considered the reservoir to be of the strandplain/barrier island
type. At Sage Spring Creek, the Dakota sandstone exhibits a Dykstra-Parsons permeability
coefficient of 0.82 and is fractured (Mack and Warren, 1984). In-depth fluid diversion using the
sequential aluminum citrate process was implemented during 1978 to improve conformance.
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Incremental recovery due to the sequential aluminum citrate process was estimated at about 10
barrels of incremental oil per Ib of polymer.

Colloidal dispersion gels (see section 6.2.4.2) have been applied in a Dakota well in the East
Burke Ranch field. This field offsets the Sage Spring Creek field. Performance was better than
that observed in the Sage Spring Creek Unit A project (Mack and Smith, 1994).

6.2.4 Process Technologies of Regional Interest

In the northern Rockies, both CO; and gel polymer processes are of regional interest. CO,
miscible flooding applications are dependent on CO, supply infrastructure. At present, no Class 4
reservoirs listed in TORIS are undergoing CO, miscible floods; however, cyclic CO, stimulation
treatments have been performed in some wells completed in Class 4 reservoirs. Gel polymers are
frequently applied in the Northern Rockies, including wells completed in Class 4 reservoirs.
Recent field resulis with colloidal dispersion gels and acrylamide-polymer/chromium (IIT)
carboxylate gels are furthering development and application of gel polymer technology.

6.2.4.1 Cyclic CO, Stimulation

Through the efforts of the Enhanced Qil Recovery Institute at the University of Wyoming, field
tests using cyclic CO, stimulations have been performed during recent years. Not all of the
treatments have been in Class 4 reservoirs, but results establish generally applicable process
guidelines. Although current economics (Branting and Whitman, 1992) do not favor widespread
application, the process technology is an area of active interest in Wyoming.

Amoco Experience

~ During 1990, Amoco conducted 13 cyclic CO, stimulation treatments in Wyoming in the Lost
Soldier (2), Wertz (5), Beaver Creek (1), Little Buffalo Basin (2), and Salt Creek Light Oil (3)
fields (Passmore, 1991). Ongoing CO, miscible floods provided a ready CO, source for the Lost
Soldier and Wertz tests, while CO, was trucked to the other fields. Design criteria included
creating a 50% CO, saturation 150 feet from the wellbore. CO; was injected over a 1- to 2-week
period, followed by a soak period averaging 35 days.

Treatments in Lost Soldier and Wertz fields were conducted at pressures above minimum
miscibility pressure. Four of the seven treatments in Lost Solider and Wertz fields were
considered economically successful (Passmore, 1991). In Lost Soldier field, two Cambrian (Class
4 reservoir) wells were stimulated, each with about 40 MMCF of CO,_ One well failed due to
mechanical reasons, but the successful treatment exhibited a CO, utilization factor of 6.2 MCF of
CO, per barrel of oil. In Wertz field, four Darwin Madison (Class 4 reservoir) wells were treated
with CO, volumes ranging from 40 to 78 MMCF. Two of the four treatments were successful.
The average CO, utilization factor for the successful treatments was 13.4 MCF of CO, per barrel
of oil. Characteristic responses included increased oil production and, due to significantly lower
water production, lower total fluid volumes. Submersible pump failures were the primary
operating problem.

The three treatments in the Wall Creek reservoir in Salt Creek field were conducted at pressures
below minimum miscibility pressure. Treatment volumes ranged from 14 to 36 MMCF of CO,.
Two of the three treatments exhibited poor containment with rapid CO; breakthrough to offset
wells. Amoco considered the results encouraging and was planning further, smaller volume
treatments to increase containment.
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Wyoming Carbonics, Inc. (WCI) Experience

WCI performed 29 cyclic CO; treatments during 1990-1991 (Carlisle, 1992). Well selection
and treatment guidelines were developed from the experience gained with these treatments. Wells
with thief zones or extensive fractures do not make good candidates for treatment. Good initial
production potential is more important than current production rate. Other guidelines for
equipment, operating practices, and CO, soak time as a function of reservoir pressure were
developed. For low-pressure (< 400 psi) reservoirs, shut-in times of only 5 to 8 days are
recommended. For moderate-pressure (400 to 1,000 psi) reservoirs, shut-in times from 10 to 14
days are recommended. For high-energy (1,000 to 2,400 psi) reservoirs, shut-in times from 15 to
30 days are recommended.

Detailed Analysis of Lower Cretaceous Projects

The University of Wyoming (Smith and Surdam, 1992) analyzed Cretaceous, cyclic CO,
stimulation projects in North Grieve and Beaver Creek fields in the Wind River Basin, Crooks Gap
field in the Great Divide Basin, Cole Creek field in the Powder River Basin, and Grass Creek field
in the Bighorn Basin. Treated formations included the Dakota, Muddy, Cody, and Frontier.
Confinement problems were experienced in all but Cole Creek field, Dakota formation project;
however, this project was the only project which experienced scaling problems. Scaling problems
were attributed to a combination of a long soak time, abundant calcite in the reservoir, and a large
near-wellbore pressure drop.

6.2.4.2 Gel Polymer Applications

Gel polymers have historically been widely applied in the Wyoming/Rocky Mountain region.
A portion of these applications have been in Class 4 reservoirs. Gel polymer applications can be
applied for either near-wellbore or in-depth fluid diversion. Field results with two recently
developed technologies, colloidal dispersion gels and acrylamide-polymer/chromium (III)
carboxylate gels have been promising. :

In-depth fluid diversion treatments have historically relied upon in situ crosslinking. One
approach has been to sequentially inject slugs of polymer and aluminum citrate, the crosslinking
agent. Since crosslinking occurs in'situ, flexibility and control of this process can be poor. With
colloidal dispersion gels, weak gels are formed prior to injection using low polymer and
crosslinker concentrations. Since gels are formed prior to injection, the process provides more
flexibility and control.

Mack and Smith (1994) documented the results of 29 field projects. Twenty-two of the 29
projects were considered successful with reported chemical costs of $1 to $2 per barrel of
incremental oil. Problems were experienced when projects were started late in waterflood life or
when fractures or extreme channeling situations were encountered. Although most treatments were
in non-Class 4 Minnelusa formation reservoirs, one application was in a Dakota well in East Burke
Ranch field. The East Burke Ranch field offsets the Sage Spring Creek Unit A project where the
sequential aluminum citrate injection process was used. Observed chemical costs were less than $1
per incremental barrel of oil, and performance was considered better than was observed in the Sage
Spring Creek Unit A project.

Promising results have also been experienced with acrylamide-polymer/chromium (III)
carboxylate gels. Marathon (Southwell and Posey, 1994) documented the results of 26 injection
well treatments performed in 1989-1992. Although the treatments were performed in non-Class 4
reservoirs, fractured Tensleep and Phosphoria reservoirs in the Oregon Basin and Pitchfork fields
in Wyoming, results may have future application to Class 4 reservoirs. Unlike conventional gel
treatments, many of these treatments were large volume treatments up to 20,000 barrels. Despite
the large treatment volumes, overall results were attractive with gross development costs quoted as
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$0.99 per incremental barrel of oil. Sydansk and Moore (1992) referenced even lower costs for
long-term results on treatments performed in 1985-1986.

These gel treatments have also been used in a CO, miscible flood to control conformance
problems. Amoco (Borling, 1994) performed ten injection well treatments in their Wertz COp
flood in southwest Wyoming (non-Class 4 Tensleep reservoir). Amoco reported payout times
ranging from 1.1 to 3.7 months. Pattern lives were also extended for up to 2 years. Importantly,

the treatments were performed in full compliance with company, state, and federal environmental
standards. '
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CHAPTER 7
IMPROVED OIL RECOVERY CHALLENGES

Improved oil recovery applications in Class 4 reservoirs face reservoir, process, and regional
challenges. For discussion purposes within this report, challenges have been grouped as follows:
advanced technology areas, advanced waterflooding, chemical processes, CO, processes, thermal
processes, and challenges by region. Advanced technology and advanced waterflooding
challenges apply across most geographic regions, while process challenges are often more region-
specific.

7.1 Advanced Technology Areas

Four advanced technology areas are particularly relevant to improved oil recovery applications.
These technology areas are reservoir management, infill drilling, computer technologies, and
horizontal drilling. Reservoir management is a cross-cutting strategy applicable to any production
operation, but it is particularly critical in improved oil recovery applications. Reservoir
management has played a major role in all regions where major Class 4 resources exist. Infill
drilling, computer technologies, and horizontal drilling can be elements within an improved oil
recovery project. Challenges facing technology applications apply to all regions. Within a s€lected
region, certain technologies have greater application than others. ‘

7.1.1 Reservoir Management

Thakur (1991) defines reservoir management as "the judicious use of available resources to
maximize economic recovery.” People, equipment, technology, and money represent available
resources. In mature operations, like many in Class 4 reservoirs, each resource must be optimally
applied to maintain profitability and maximize economic recovery. External financial community
pressures for short-term economic performance contribute to the sense of urgency with regards to
reservoir management.

Hickman (1993) recognizes reservoir management as a strategy that involves "merging
expertise in various technologies." Critical concepts are (1) production operations are total
systems, not just reservoirs; and-(2) expertise within various disciplines must be effectively
merged. The production system consists of the reservoir rock, the reservoir fluids, the wellbores,
injected fluids, surface facilities, and, importantly, any person involved in any phase of the
operations. Data and inputs from many sources (legal, environmental, accounting, pumpers,
foremen, vendors, secretaries, etc.) in addition to engineering and geology must be considered in
the systems approach. Additionally, this input must be integrated interactively rather than
considered after the fact. Incremental insight occurs throughout the interactive integration process.



The petroleum industry faces several reservoir management challenges. First, industry must
learn to focus scarce resources on properties or reservoirs having economic potential. Screening
approaches for evaluating all properties and zeroing in on those with true potential need further
refining. Second, organizational structures and mindsets must be changed and cross-disciplinary
training provided so truly interactive, functional multidisciplinary teams can be assembled. Third,
assembled teams must be empowered so they can act in a timely fashion considering the
endangered nature of many of the resources. Finally, teams must be action-oriented. Studies do
not make money; oil in the tank makes money. Technically and economically sound systems
solutions must be implemented and revised, as appropriate, to optimize reservoir economic
performance.

7.1.2 Infill Drilling

In certain areas, infill drilling represents a major improved oil recovery application. Current
economic conditions dictate that infill drilling be "smart" infill drilling. Although blanket infill
drilling may be profitable in some reservoirs, geological targeting either increases the margin or
provides that extra recovery required to make the program economic. Historical applications in
Class 4 reservoirs include the Frio Play in Texas (ICF and BEG, 1990) and Deese reservoirs in
Oklahoma (Kendall, et al., 1992). Furthermore, the drilling and completion operation must
incorporate ongoing technology developments, be cost-optimized considering basin-reservoir
experience, and must be in compliance with applicable environmental regulations. Despite having
drilled wells for years, industry is still challenged with implementing optimally designed drilling
programs.

Reservoir characterization efforts provide the foundation for geologically-targeted infill drilling.
Despite recent improvements in approaches, industry is still challenged to understand and predict
spatial variations in the different facies within a reservoir. Experience indicates facies-level
analysis and depositional knowledge are required to optimize geological targeting. Team efforts
considering engineering, geological, and production data have been technically effective, but
industry is challenged with making team results timely and affordable.

7.1.3 Computer Technologies

Computer hardware and software are critical for data capture, data management and analysis,
and visualization. Maintaining competency with continually developing computer tools represents
an ongoing challenge for industry, especially independents. Although Mobil used 3-D seismic and
computer-aided exploration software and workstation technology to increase Class 4 production
and reserves from Deese intervals in their Countyline Unit in Sho-Vel-Tum field in Oklahoma
(Kendall, et al., 1992, see section 4.2.3.2), instances of similar applications by independent
operators are rare. Independent operators are challenged with staying current with evolving
software capabilities, cost of hardware and software, and training. With limited manpower, time
for training can represent a critical challenge.
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7.1.4 Horizontal Drilling

To date, horizontal drilling applications have not played a role in Class 4 production, either in
conventional production or improved oil recovery operations. Oklahoma's primarily multiple-sand
applications in the Deese are not favorable to horizontal drilling. Fractured (and faulted) reservoirs
in the Rocky Mountain region represent a potential application, but spatial variations/faults
challenge the application. Although horizontal well technology has been applied in Class 3
reservoirs in Elk Hills field in California (Gangle, et al., 1991), the technology has not been
applied in steam operations in Class 4 reservoirs. Although untested, potential applications may
exist in selected Gulf Coast Class 4 reservoirs having a certain degree of dip, good vertical
permeability, and numerous compartments or fault blocks. In those instances, horizontal
applications to minimize coning may be applicable. -

7.2 Advanced Waterflooding

Polymer flooding, profile modification or conformance improvement treatments, and microbial
waterflooding are grouped within advanced waterflooding. Both polymers and gel polymers for
conformance improvement have received widespread application in Class 4 reservoirs, especially
in Oklahoma and the Rocky Mountain areas. Emerging microbial waterflooding technology may
have apphcatlon in selected reservoirs.

7.2.1 Polymer Flooding

Polymer flooding has been widely applied in both Oklahoma and Rocky Mountain Class 4
reservoirs. Polymer usage has widespread appeal in the Rocky Mountain region due to (1) -
medium gravity and viscosity crudes needing mobility control and (2) favorably low formation
water salinities. Polyacrylamide polymers are the polymer of choice in the Rocky Mountain area.
Oklahoma applications with higher formation water salinities have favored biopolymers. In both
regions, mobility control polymer flooding and crosslinked polymer treatments are often
combined.

Polymer flooding has historically been troubled by polymer injectivity and by temperature and
salinity limitations. Recent advances have improved temperature and salinity limitations up to 250°
F and 18% NaCl, but obtaining adequate injectivity remains a challenge. Although one guideline
(NIPER and K&A, 1991) indicates that reservoir permeability should exceed 100 mD to prevent
injectivity problems, permeabilities in several of the Oklahoma and Rocky Mountain Class 4
projects average less than 100 mD. Pilot injectivity testing is still considered an essential element
of polymer flood design.

Shear, oxidative, and bacterial degradation problems experienced in early polymer projects can
be resolved if known operating practices are followed. An area of challenge continues to be
developing more environmentally acceptable biocides.

In most U.S. polymer projects, polymer flooding is not started until late in field life. European
polymer projects, which generally apply polymers early in the project life, report significantly
higher recoveries than U.S. projects (NIPER and K&A, 1991). Higher recoveries in European
projects can be attributed to (1) higher permeabilities (1 to 5 Darcies) or (2) starting projects
sooner. Further research is needed to define the factors contributing to Europe's observed higher
recoveries and to assess potential recovery impacts of modifying U.S. practices.



NIPER and K&A (1991) indicate that developing reservoir-specific injection protocols
represents a continuing research need. The injection protocol concept includes using different
polymers in different slugs plus designing polymer concentration, slug sequence, and slug size to
optimize flood economic performance.

7.2.2 Profile Modification (Gel Polymers)

Conformance improvement or gel polymer treatments play a major improved oil recovery role
in two of the previously discussed Class 4 play areas, Oklahoma and the Rocky Mountain region.
As current economic conditions impede other improved oil recovery options, gel polymers may
soon play a more important role. Gel polymer applications face several key challenges: (1)
correctly identifying the reservoir problem, (2) selecting the proper gel system, (3) tailoring
treatment design to the individual well, and (4) properly applying the treatment in the field.

Considering the scope of these challenges, it is no surprise that historical success rates with
crosslinked polymer treatments have been poor (Mody, et al., 1988). According to Mody and
Dabbous (1989), more than two-thirds of treatment failures could be attributed to improper
application. Recent industry effort in documenting successes and failures and developing specific
application guidelines for different gel polymer systems (Smith, 1994 and Southwell and Posey,
1994) are a major step forward in addressing design aspects of gel polymers.

Field application is critical to gel polymer success. Mody, et al. (1988) indicated that most gel
polymer failures are caused by: (1) improper selection of candidate wells, (2) lack of knowledge of
wellbore integrity, (3) lack of adequate preparation of the wellbore prior to job, (4) improper
placement of the gel polymer within the wellbore, (5) limited time allotted to implement the
treatment, and (6) understanding the injection profile prior to and after the treatment. Of these
factors, all may properly be considered to fall within the realm of comprehensive reservoir
management practices. Field experience confirms the importance of the comprehensive reservoir
management approach.

Gel polymer applications have higher environmental challenges than other improved oil
recovery processes. Challenges include human exposure to chemicals during handling and
disposal of excess gel polymer if treatments must be prematurely stopped. Although concerns are
most prevalent with the chromium (VI) crosslinker systems, each gel polymer system has its
unique environmental challenges. Industry must continue to address safety and environmental
issues of current systems while searching for more benign formulations.

7.2.3 Microbial Waterflooding

Microbial applications include well stimulation, wellbore cleanup, and microbial waterflooding
(permeability modification and enhanced waterflooding). A combination of mechanisms has been
proposed for beneficial microbial effects. These mechanisms include surfactant generation,
wettability alterations, gaseous by-products (CO,, N,, H,, and CH,), and plugging. From a cost-
recovery standpoint, the microbial processes are like gel polymers in that they are low-cost, lower
recovery processes. Wellbore cleanup and stimulation applications represent the most frequently
used current application. Unlike gel polymers, the microbial processes are not widely accepted and
applied in the field.

Bryant (1990) proposed the following screening criteria for microbial application: (1) injected
and connate water salinities less than 100,000 ppm, (2) permeability greater than 75 mD, and (3)
depth less than 6,800 feet corresponding to a temperature limitation of about 170° F.
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Widespread application of microbial technology awaits (1) favorable economic results from
well-documented, larger-scale field projects and (2) increased reliability and predictability.
Identified near-term research needs include (1) field testing performance in reservoirs with higher
initial oil saturation, (2) development of lower cost, readily available nutrients, and (3) additional
development of profile modification and well stimulation methods (NIPER and K&A, 1991).

7.3 Chemical Processes

Alkaline and surfactant (micellar-polymer) processes are chemical processes which have not
been widely applied in Class 4 reservoirs. Mitchell Energy conducted two separate heavy oil
alkaline projects in the Subclarksville reservoir in Alba field in the Cretaceous, Salt-Related Play in
Texas (see section 3.4.3.2). Micellar-polymer projects have been conducted in Muddy reservoirs
in Bell Creek and Big Muddy fields in Montana and Wyoming (see section 6.2.3.1). At present,
no micellar-polymer projects are active within Class 4 reservoirs listed in the TORIS database.

7.3.1 Alkaline Processes

Past alkaline floods often experienced poor mobility control, high alkaline consumption rates,
and severe scale problems. Experience has shown that polymers can control mobility problems,
and low pH alkaline agents like sodium bicarbonate can reduce alkaline consumption rates and
reduce scaling. Although alkaline floods have been typically perceived as applying to low-gravity,
high-acid crudes, research indicates low-acid oils can also respond favorably (Lorenz, 1988).
Combinations of lower pH alkalis and surfactants can be more effective in reducing interfacial
. tension and recovering more oil than either alkalis or surfactants alone. This knowledge has -
fostered increased interest in the alkaline process, but significant challenges remain. Further
research is needed to better understand mechanisms and to develop effective injection strategies.
Additionally, economic potential must be demonstrated in well-documented field pilot tests.

7.3.2 Micellar-Polymer (Surfactant)

Although the micellar-polymer process can recover significant oil, past results have been
unpredictable. Pope (1993) evaluated the economics of micellar-polymer flooding using different
scenarios. Even with high efficiency from improved synthetic surfactants (chemical cost about $5
per incremental barrel) and a $20 per barrel oil price, front-end costs still make the process
unattractive.

In addition to cost, Pope offered eight other reasons why the micellar-polymer process is not
considered commercial. These reasons included negative industry perceptions, high risk, required
high expertise levels to design and operate, and high sensitivity to reservoir characteristics.
Challenges include (1) continuing development of lower cost, effective surfactants and (2) process
improvements which would accelerate recovery or decrease front-end investments. Pope
recognized the potential for recovery acceleration using horizontal wells.

7.4 CO, Processes

Both miscible and cyclic CO, stimulation processes have been tested in Class 4 reservoirs.
Miscible tests in Texas's Frio Play (see section 3.2.3) were encouraging but suspected supply
limitations have precluded further commercial applications. Cyclic CO, stimulation treatments are
being tested at various locations throughout Wyoming (see section 6.2.4.1).
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NIPER and K&A's research needs analysis (1991) identified two major technical challenges
facing CO, flooding: mobility control and predictability. Research efforts with foams, surfactants,
gas viscosifiers, and gel polymers are active. Experience in field projects indicates that corrosion
and other operating challenges can be managed with proper design and execution.

A recent analysis of field projects indicates progress is being made regarding predictability, at
least from a reservoir economic screening standpoint. Flanders, et al. (1993) evaluated the
economics of CO, floods in small-to-medium size fields using characteristic production responses
observed in field projects. According to their analysis, production response curves were quite
similar even in vastly different projects. Actual cost data were examined to develop minimum,
maximum, and probable development and operating costs for the economic analysis. Economic
conditions assumed that the CO, supply and delivery infrastructure, the single biggest factor
affecting economic viability (NIPER and K&A, 1991), was already in place.

Sensitivities to CO, cost, tax incentives, depth, pore volume (sAh) and operating costs were
evaluated. Their analysis indicated that 15% rates of return could be achieved with CO, costs in
the $0.75 to $0.85 per MCF range. Economic viability was determined to be highly dependent on
field-specific start-up costs. Reservoir management (i.e., proper design, implementation, and
surveillance) was considered critical to project viability. In West Texas, Amoco considers real-
time monitoring and injection adjustment to be critical to the tertiary reservoir management program
(Merchant and Thakur, 1993).

Since CO, viability is dependent on the CO, source and supply infrastructure, the greatest
potential for CO, applications is forseen in the northern Rocky Mountain region. Results from
miscible CO, floods and cyclic stimulation treatments are stimulating demand, and if Brock and
Bryan's perception (1989) that the Rocky Mountain supply infrastructure will expand to meet
demand as it has in the Permian Basin is correct, long-term potential for CO, projects looks
promising.

7.5 Thermal Processes

Nearly all of California's Class 4 production comes from steam projects. Steam projects have
also been tried in Texas, Oklahoma, and the Rocky Mountain areas. Although in situ combustion
projects have been tried in Class 4 reservoirs, project results have inhibited further applications.
Where either process meets screening guidelines, operators prefer steam over in situ combustion
because steam projects exhibit faster response, require less front-end investment, experience fewer
operational problems, are less complex, and staff do not need to be as experienced.

7.5.1 Steam Applications

Steam applications face two major challenges: environmental restrictions and high operating
costs. Reservoir challenges include injection profile and conformance control. Despite these
challenges, existing operations can remain profitable when effective reservoir management
practices establish tight operational control.

Although continued operations in California's large steam projects will provide most of the
Class 4 steam production, expansion of steam processes may be possible. Encouraging projects
have been or are being conducted in the Carrizo sand in Texas's Cretaceous Salt-Related Play (see
section 3.4.3.4) and in the 4th Deese sand in Oklahoma's southern Oklahoma Desmoinesian
(Pennsylvanian) Play (see section 4.2.3.3). The unconsolidated nature of the sand in both areas
favors steam applications.



7.5.2 In Situ Combustion

In situ combustion applications are plagued by operator perceptions from early projects. These
early projects often experienced (1) unanticipated geological heterogeneities affecting flnid flow,
(2) severe operating problems, and (3) safety problems associated with injecting air or oxygen.
These factors caused most early projects to be economically unattractive. Despite these early
failures, the process shows potential for being successful at $16 to $20 per barrel oil prices
(Sarathi and Olsen, 1993). Advanced reservoir characterization methodologies should minimize
the likelihood of unanticipated reservoir heterogeneities. The few, recent in situ combustion
projects have demonstrated that operating problems and safety concerns can be resolved.

Reservoir management practices should help maintain the tight cost control required to keep
projects profitable.

A major challenge to realizing in situ combustion's potential is capturing the expertise of early
pioneers in the process. Technology must be effectively transferred to today's engineers through
guidebooks and interaction with early pioneers. Old perceptions about in situ combustion will
change only as economic viability using modern technologies is demonstrated in well-documented
field tests. With demonstrated economic viability, the in situ combustion process appears
applicable to several Class 4 reservoirs.

7.6 Regional Challenges

Numerous improved oil recovery projects have been conducted in Class 4 reservoirs over the
years. Projects, usually of several different types, have been conducted in all geographic regions
containing a significant volume of remaining-oil-in-place. Despite widespread attempts, the
impacts of these projects on regional production and improved oil recovery activity levels varies
considerably by region. In retaining access to the Class 4 resource, the country is challenged with

(1) increasing contributions from improved oil recovery in areas where projects already make an

impact and (2) with expanding improved oil recovery applications to reservoirs and regions not
currently being impacted.

In Texas, improved oil recovery applications have not impacted production levels. Reservoir
management and strategic infill drilling have received most attention in the Frio Strandplain Play.
Although results from miscible CO, projects in the Frio Strandplain Play were promising,
suspected supply limitations have limited subsequent applications. Even fewer IOR attempts have
been made in the Jackson Barrier/Strandplain Play. Although polymer, alkaline-polymer, in situ
combustion, and steam projects have been conducted in the Cretaceous, Salt-Related Play, none of
the projects have led to widespread application. Operators are challenged to apply evolving
technology and establish IOR projects which will impact production from Texas Class 4
TESEIvoirs.

In Oklahoma, polymer and gel polymer applications produce significant oil in the
Pennsylvanian Deese interval sandstones in the southern Oklahoma Desmoinesian and Missourian
Plays. As in California, experience indicates that reservoir management is the key to (1)
maintaining current operations and (2) developing new potential in these projects. Few improved
oil recovery projects have been conducted in other Oklahoma Class 4 reservoirs. These projects,
even when successful, have not led to widespread application of improved oil recovery processes
in formations other than the Deese. Operators are challenged to expand improved oil recovery
activity into these other Class 4 reservoirs in Oklahoma.

In California, significant oil production is realized from steam projects. Further impacts in
California depend upon maintaining profitability of existing projects. Cost-effective reservoir
management techniques are essential to maintaining profitability.
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In the Rocky Mountain region, polymer, gel polymer, and CO; processes offer potential in
Class 4 reservoirs. Polymers have impacted production, and contributions from gel polymer
applications can be expected to increase because (1) improved application guidelines are evolving
from efforts to document both successes and failures of field treatments and (2) the technology
remains economically attractive at moderate, $12 to $15 oil prices. Future contributions from CO;
depend on development of the CO, supply infrastructure.
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CHAPTER 8
FUTURE IMPROVED RECOVERY POTENTIAL FOR
TORIS CLASS 4 RESERVOIRS

At the projected termination of current production operations in the TORIS Class 4 reservoirs,
an estimated 19.1 billion barrels of oil will remain in the ground (Refer to Chapter 2 and Figure
2.1). This remaining oil-in-place volume is the target for the future application of improved oil
recovery technologies. Nearly 35% of this resource, or 6.7 billion barrels, is estimated to be
unrecovered mobile oil, the target for advanced secondary recovery technologies (ASR). The ASR
technologies considered in this analysis include infill drilling, polymer flooding, or profile
modification. The remainder of the unrecovered oil resource, 12.4 billion barrels, is considered to
be immobile or residual oil, the target for enhanced oil recovery processes (EOR). The EOR
technologies considered in this analysis include chemical flooding (alkaline and surfactant),
miscible CO, injection, steam injection, and in situ combustion processes. This chapter discusses
the methodology used in the assessment of the future improved oil recovery potential for the
TORIS Class 4 reservoirs, and includes a detailed discussion of the predicted recovery potential by
process, the portion of this potential that is at risk of abandonment, and the impact of the future
application of recovery technologies in the regions discussed in Chapters 3-6.

The future improved oil recovery potential for the TORIS Class 4 reservoirs was estimated to
be between 1.0 and 4.3 billion barrels, depending on oil price and the level of technology
advancement. The analysis indicated that the majority of this potential could be realized through
the future application of infill drilling (alone and in combination with polymer flooding and profile
modification), chemical flooding (surfactant and polymer), and thermal processes. The majority of
this potential is in Texas, Oklahoma, California and the Rocky Mountains. Approximately two-
thirds of this future potential is at risk of abandonment by the year 2000, which emphasizes the
urgent need for the development and implementation of economical improved oil recovery
processes in Class 4 reservoirs.

8.1 Improved Oil Recovery Potential Prediction Methodology

The recovery potential which could result from the future application of improved recovery
technologies in the Class 4 reservoirs included in the TORIS database was estimated using the
TORIS predictive and economic models. The TORIS database and predictive models were
originally developed by the National Petroleum Council (1984) and are maintained and updated by
the DOE Bartlesville Project Office. TORIS is used to analyze the recovery potential for various
improved oil recovery processes on a reservoir-by-reservoir basis using the average reservoir
parameters and historical recovery data in the database and the individual process predictive
models, as discussed below.

The TORIS reservoir database contains the average geologic and reservoir parameters for over
2,500 reservoirs in the country. The database contains volumetric original oil-in-place values for
each reservoir plus the historical production and injection data. The ultimate recovery that will
result from the continued operation of each reservoir is established using decline curve models and
then the target remaining mobile and immobile oil-in-place volumes are calculated. The decline
curve analysis is also utilized to determine the projected reservoir abandonment dates with respect
to the timing of future improved recovery projects.
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The reservoir parameters contained in the database are screened by the TORIS system to
determine the recovery processes that are viable for implementation in each reservoir. The
screening criteria used by TORIS for the implemented and advanced technology cases are shown in
Table 8.1 and Table 8.2, respectively. The enhanced oil recovery screening criteria are those
established by the 1984 NPC study. Screening criteria for advanced secondary recovery processes
were developed subsequent to the NPC study. Other, more recent criteria do exist. The
implemented technology case is considered to be the state-of-the-art case while the advanced
technology case assumes a relaxation of some of the screening criteria due to reasonable
technological improvements. For example, the profile modification screening criteria in the
advanced technology case assumes that the conformance control chemicals are stable at higher
reservoir temperature and water salinity than in the implemented technology case. The advanced
technology case also assumes some recovery process efficiency improvements, such as decreased
chemical retention, increased injectant sweep efficiency, or improved overall process displacement
efficiency. See the 1984 NPC study for details on the assumed individual process improvements
between the implemented and advanced technology cases and for more details on the predictive
models themselves. '

MISCIBLE THERMAL RECOVER
PROFILE FLOODING
MODIFI- | POLYMER | SURFACTANT | ALKALINE (CARBON IN SITU
SCREENING PARAMETERS UNITS CATION | FLOODING | FLOODING FLOODING DIOXIDE) STEAM COMBUSTION
OIL GRAVITY °API - - - <30 225 10 to 34 10 to 35
IN SITU OIL VISCOSITY (1) cP <100 <100 <40 <90 - <15,000 <5,000
DEPTH (D) Feet - - - - - <3,000 <11,500
PAY ZONE THICKNESS (H) Feet - - - - - >20 >20
RESERVOIR TEMPERATURE (Tr) °F <180 <200 <200 <200 - - -
POROSITY () Fraction - - - - - >0.20(2) >0.202)
PERMEABILITY, AVERAGE (k) mD >20 >20 >40 >20 - 250 35
TRANSMISSIBILITY (kh/pt) mbD/ft-cP - - - - — >5 >5
RESERVOIR PRESSURE (PR) psi - - - - zMMP(l) <1,500 <2,000
MINIMUM OI11. CONTENT AT START {OF PROCEYS - >0.10 >0.08
SpX®) Fraction - - - -
SALINITY OF FORMATION BRINE (TPS) ppm <108,00 <100,000 <100,000 <100,000 - - -
ROCK TYPE - Sandstone Sandstone Sandstone Sandstone | Sandstone | Sandstone
or or or or
Carbonate | Carbonate Carbonate | Carbonate

(1) MMP denotes minimum miscibility pressure, which depends on temperature and crude oil composition.
@ Ignored if oil saturation (Sp) x porosity (@) criteria are satisfied.



MISCIBLE THERMAL RECOVERY
FLOODING

PROFILE (CARBON IN SITU

MODIFI- | POLYMER | SURFACTANT § ALKALINE DIOXIDE) STEAM COMBUSTION
SCREENING PARAMETERS UNITS | CATION | FLOODING FLOODING FLOODING
OIL GRAVITY °API - - - <30 >25 - -
IN SITU OIL VISCOSITY () cP <150 <150 <100 <100 - - <5,000
DEPTH (D) Feet - - - - - <5,000 -
PAY ZONE THICKNESS (H) Feet - - - - - >15 >10
RESERVOIR TEMPERATURE (TR) °F <250 <250 <250 <200 - - -
POROSITY (g) Fraction - - - - - 50.1 5(2) >0.1 5(2)
PERMEABILITY, AVERAGE (k) mD >10 >10 >10 >10 - >10 >10
TRANSMISSIBILITY (kh/) mD/ft-cP - - - - - - —
RESERVOIR PRESSURE (PR) psi - - - - aMMP(I) <2,000 <4,000
MINIMUM OIL CONTENT AT START|OF PROCE$S - >0.08 >0.08

(Sp X #) Fraction - - - -
SALINITY OF FORMATION BRINE (IPS) ppm <200,00 | <200,000 <200,000 <200,000 - - -
0
ROCK TYPE - Sandstone Sandstone Sandstone Sandstone | Sandston| Sandstone
or or or e or
Carbonate Carbonate Carbonate or Carbonate
Carbonat
e

(1) MMP denotes minimum miscibility pressure, which depends on temperature and crude oil composition.
@ Ignored if oil saturation (Sg) x porosity (@) criteria are satisfied.

The predictive models for each of the viable recovery processes are run using the average
reservoir parameters. Results are obtained for both the implemented and advanced technology
cases. The resultant injection and production streams are then used as input to the economic
models. The economic models consider the capital investments and operating costs required to
implement and maintain the individual recovery projects. The economic models can examine
‘project economics at various oil prices using West Texas Intermediate as the benchmark. The
project economics for the application of the viable recovery processes in each reservoir are
compared at each oil price and the optimum process is selected based on oil recovery volumes and
projected rates of return. The overall recovery potential for a group of reservoirs can then be
defined for both the implemented and advanced technology cases.

8.2 Improved Recovery Potential For Class 4

The recovery potential for the Class 4 TORIS reservoirs was evaluated for the implemented and
advanced technology cases described above at oil prices of $12, $20, and $30 per barrel. The total
recovery potential for Class 4 ranges between 1.0 and 4.3 billion barrels depending on the
prevailing oil price and the level of technology advancement, as summarized in Table 8.3 and
Figure 8.1. For the implemented technology case, which is essentially the future application of
existing recovery technologies, the recovery potential ranges from 1.0 billion barrels at $12/barrel
to 1.8 billion barrels at $30/barrel. The majority of this potential is attributable to the expanded
application of advanced secondary recovery processes. If reasonable technological advancements
can be achieved, the recovery potential increases significantly for Class 4, ranging from 1.7 to 4.3
billion barrels at oil prices of $12 to $30/barrel, respectively. The majority of the advanced
technology case potential is attributable to the application of ASR technologies in the $12 and
$20/barrel cases, but EOR technologies have the greater impact in the $30/barrel case.
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Figure 8.1 Total Recovery Potential for Class 4 Reservoirs (Source:
BPO TORIS, 1994)

RECOVERY POTENTIAL IN MILLIONS OF BARRELS

ADVANCED
SECONDARY RECOVERY ENHANCED OIL RECOVERY TOTAL POTENTIAL
OIL PRICE
(WTD) IMPLEMENTED | ADVANCED IMPLEMENTED | ADVANCED IMPLEMENTED | ADVANCED
($/BBL) TECHNOLOGY | TECHNOLOGY | TECHNOLOGY | TECHNOLOGY | TECHNOLOGY | TECHNOLOGY
12 995 1,641 10 83 1,005 1,729
20 1,150 1,784 372 1,245 1,522 3,029
30 1,193 1,974 646 2,354 1,839 4,328

The advanced secondary recovery potential for Class 4 increases from 1.0 billion barrels at
$12/barrel to 1.2 billion barrels at $30/barrel for the implemented technology case, while the
recovery potential for the advanced technology case increases from 1.6 to 2.0 billion barrels at
$12/barrel and $30/barrel, respectively (Figure 8.2). Most of this ASR potential is attributable to
infill drilling alone and in combination with polymer flooding and profile modification. ASR
recovery potentials by process for the various cases considered are summarized in Table 8.4.
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RECOVERY POTENTIAL IN MILLIONS OF BARRELS

IMPLEMENTED TECHNOLOGY ADVANCED TECHNOLOGY
RECOVERY PROCESS $12/BBL $20/BBL $30/BBL $12/BBL | $20/BBL $30/BBL
INFILL DRILLING 214 283 289 127 120 164
POLYMER FLOODING 35 50 53 58 49 50
PROFILE MODIFICATION 66 60 58 86 80 75
INFILL/POLYMER 370 364 384 558 _596 655
INFILL/PROFILE 310 393 409 812 939 1,030
| TOTAL 995 11,150 1,193 1,641 1,784 1,974

The enhanced oil recovery potential for Class 4 increases from 10 million barrels at $12/barrel
to 646 million barrels at $30/barrel for the implemented technology case, while the recovery
potential for the advanced technology case increases from 88 million barrels to nearly 2.4 billion
barrels at $12/barrel and $30/barrel, respectively (Figure 8.3). Most of the EOR potential in the
implemented technology case results from the expansion of ongoing steamfloods, with some
additional potential for CO; and surfactant flooding at the higher oil prices. In the advanced
technology case, most of the EOR potential results from the application of chemical flooding
processes, with some contribution from in situ combustion, CO; flooding, and new steamflood

projects at higher prices. EOR recovery potentials by process for the various cases considered are
summarized in Table 8.5.
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(Source: BPO TORIS, 1994)

RECOVERY POTENTIAL IN MILLIONS OF BARRELS

IMPLEMENTED TECHNOLOGY ADVANCED TECHNOLOGY
RECOVERY PROCESS $12/BBL | $20/BBL $30/BBL $12/BBL | $20/BBL $30/BBL
CO7 MISCIBLE 0 101 170 0 74 142
ALKALINE 0 0 0 66 307 117
SURFACTANT 0 8 117 9 755 1,548
NEW STEAM 9 18 46 13 23 197
EXPANSION OF ONGOING 0 241 285 0 0 0
STEAMFLOQODS
IN SITU COMBUSTION 0 4 28 0 86 350
TOTAL 10 371 646 88 1,245 2,354




8.3 Abandonment Risk Of The Class 4 Resource

A significant portion of the Class 4 resource is at risk of abandonment by the year 2000,
meaning that many of the reservoirs that have potential for future application of improved recovery
technologies could be abandoned prior to the initiation of these projects. For the implemented
technology case considered in this analysis, nearly 740 million barrels of the 1 billion barrel
recovery potential at $12/barrel is at risk of abandonment by the year 2000. At $30/barrel, 1.2
billion barrels of the potential 1.8 billion barrels could be abandoned by the year 2000 (Figure
8.4). For the advanced technology case, 1.4 billion barrels of the 1.7 billion barrel recovery
potential at $12/barrel could be abandoned by the year 2000, while 2.3 billion barrels of the 4.3
billion barrel potential at $30/barrel is at risk of abandonment (Figure 8.5). Only a minor portion
of both the implemented and advanced recovery potential is at risk of abandonment after the year
2000. The magnitude of the Class 4 recovery potential which is at risk of abandonment in the next

six years illustrates the urgent need for the development and demonstration of cost-effective
recovery technologies.
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| Il Abandoned by 2005
2,000 [ Abandoned after 2005

1,500

1,000
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Figure 8.4 Total Potential at Risk of Abandonment, Implemented
Technology (Source: BPO TORIS, 1994)
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Figure 8.5 Total Potential at Risk of Abandonment, Advanced
“Technology (Source: BPO TORIS, 1994)

8.4 Discussion Of Recovery Potential For Class 4 By Region

Most of the improved oil recovery potential for Class 4 results from the future application of
recovery technologies in Texas, Oklahoma, California, and the Rocky Mountains. The recovery
potentials for these regions at various oil prices are summarized for the implemented technology
case in Table 8.6, and for the advanced technology case, in Table 8.7.

RECOVERY POTENTIAL IN MILLIONS OF BARRELS
ADVANCED SECONDARY ENHANCED OIL RECOVERY TOTAL RECOVERY
RECOVERY POTENTIAL

REGION $12/BBl $20/BBL $30/BBL $12/BBL | $20/BBL | $30/BBL | $12/BBL | $20/BBL | $30/BBL
TEXAS 358 403 429 0 81 230 358 484 659
OKLAHOMA 280 318 322 0 0 14 280 318 336
CALIFORNIA 112 119 119 10 264 342 122 382 461
ROCKY MOUNTAIN 208 249 257 0 27 60 208 277 317
OTHER 37 61 66 0 0 0 37 61 66
TOTAL 995 1,150 1,193 10 372 646 1,005 1,522 1,839
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RECOVERY POTENTIAL IN MILLIONS OF BARRELS
ADVANCED SECONDARY ENHANCED OIL RECOVERY TOTAL RECOVERY
RECOVERY POTENTIAL

REGION $12/BBl $20/BBL $30/BBL. $1/BBL | $20/BBL | $30/BBL | $12/BBL | $20/BBL | $30/BBL
TEXAS 538 588 620 76 756 993 614 1,344 1,613
OKLAHOMA 492 518 588 0 342 802 492 860 1,390
CALIJFORNIA 111 114 139 12 65 397 123 178 536
ROCKY MOUNTAIN 447 492 549 Q 74 129 447 566 678
OTHER 53 72 78 0 g 33 33 81 111
TOTAL 1,641 1,784 1,974 88 1,245 2,354 1,729 3,029 4,328

The improved recovery potential for the Class 4 reservoirs in Texas ranges from 358 million
barrels at $12/barrel to 659 million barrels at $30/barrel for the implemented technology case, while
in the advanced technology case the recovery potential ranges from 614 million barrels at
$12/barrel to 1.6 billion barrels at $30/barrel. In the implemented technology case, most of the
recovery potential is realized through the application of infill drilling in combination with polymer
applications. At $30/barrel, over one-third of the implemented technology case recovery potential
is realized from the application of chemical and CO; flooding processes. In the advanced
technology case, most of the Texas improved recovery potential at the higher oil prices results from
the application of the EOR processes, primarily chemical flooding (alkaline and surfactant), in situ
combustion, and CO; flooding processes. The ASR processes contribute between 538 and 620
million barrels of the advanced recovery technology case potential, depending upon oil price.

The improved oil recovery potential for Oklahoma in both the implemented and advanced
technology cases is dominated by the ASR technologies at $12/barrel and $20/barrel, but at
$30/barrel in the advanced technology case, the application of EOR technologies results in over
800 million barrels of the total 1.4 billion barrel potential. For the implemented technology case,
the future recovery potential for Oklahoma ranges from 280 to 336 million barrels, depending upon
oil price. Virtually all of this potential results from infill drilling, with additional potential from
polymer flooding and infill drilling in combination with polymer applications. These ASR
processes also contribute between 492 and 588 million barrels of the advanced technology case
potential at $12 and $30/barrel, respectively. Inthe advanced technology case, the future
application of chemical flooding EOR processes results in recovery potential of 342 million barrels
at $20/barrel and 802 million barrels at $30/barrel.

The improved recovery potential for California ranges from 122 million barrels at $12/barrel to
461 million barrels at $30/barrel in the implemented technology case and from 123 million barrels
at $12/barrel to 536 million barrels at $30/barrel in the advanced technology case. Most of this
potential results from the expanded application of thermal processes in the Class 4 reservoirs.
Additional potential is also realized from infill drilling and profile modification.

The improved recovery potential in the Rocky Mountain Class 4 reservoirs primarily results
from the application of advanced secondary recovery processes. In the implemented technology
case, the total recovery potential ranges from 208 to 317 million barrels at $12 and $30/barrel,
respectively. This potential results almost exclusively from infill drilling in combination with
polymer flooding and profile modification. This potential increases in the advanced technology
case to 447 million barrels at $12/barrel and 678 million barrels at $30/barrel. Minor potential is
also realized in the advanced technology case for chemical flooding, polymer flooding, CO,
flooding, and profile modification processes.
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8.5 Reference
National Petroleum Council, 1984, Enhanced Oil Recovery, Washington D.C.
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CHAPTER 9

ENVIRONMENTAL ISSUES RELATED
TO PRODUCTION OPERATIONS

Environmental issues that face oil production operations targeted at Class 4 reservoirs are not
different than activities targeted at other reservoir types. Rather, environmental issues are tied to
the location of the project, i.e., relationship of the project with existing oil production activities,
surface and groundwater, urban areas, sensitive areas such as wetlands, floodplains, tundra, and
coastal areas, the presence of listed endangered species or habitats, and the presence of historical,
archeological, or paleontological sites. Activities conducted as part of DOE’s program of field
demonstrations in high-priority reservoir classes must have and comply with the usual and
appropriate federal, state, and local environmental permits required of all similar oil production
operations.

Potential environmental impacts must be considered when planning, initiating, and conducting
petroleum exploration and production operations. Production operations targeting Class 4
reservoirs do not entail any special environmental issues; factors that determine the nature and
magnitude of potential environment impacts are site- and project-specific, i.e.,

* Environmental setting of the project including factors such as surface water, groundwater,
~land use, historic sites, wetlands, endangered species, socio-economic factors, etc.;

=+ Recovery operations involving facilities construction, water discharge, air emissions, waste
¢ generation, etc.; and

* - Local, state, and federal regulatory requirements.

A complete discussion of environmental issues related to production operations would be too
lengthy for this report. Information can be obtained from a variety of sources including local,
state, and federal government agencies, industry associations, libraries, historical societies, and
consultants. An organization that can provide considerable information is the Interstate Oil and
Gas Compact Commission (IOGCC) in Oklahoma City, OK.

9.1 National Environmental Policy Act

Since the demonstration projects that will be conducted as part of this program will be at least
partially funded by the U.S. Department of Energy, it is appropriate to discuss the National
Environmental Policy Act (NEPA). Compliance with NEPA is a specific requirement of
conducting work with the federal government. Basically, NEPA requires that potential
environmental impacts and mitigating factors be considered in planning any federal action, i.e.,
before making a decision to expend federal funds, environmental consequences of the proposed
action and alternative actions must be considered.

Making a sound decision requires adequate information about environmental conditions that
might be impacted by the proposed activity. The types and possible sources of information that are
useful in assessing environmental impacts are presented in Table 9.1. Since collecting all pertinent
data can be time consuming, only those organizations selected to participate in demonstration
projects will be required to collect complete information. Activities that will be part of a project are
also considered for NEPA assessment. Pertinent factors include the following:

*  Will new wells be drilled and, if so, will they be infill wells;

* Isthe project site in an area in which oil production activities have occurred previously;
*  Will surface construction, such as roads, buildings, pads, pipelines, be required;
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* Will water discharges or air emissions occur; and
* Will hazardous waste be generated.

Air Quality National Oceanic and Atmospheric Administration (NOAA)
State, Regional, and Local Air Pollution Control Agencies
U.S. Environmental Protection Agency
State and Local Public Health Agencies
Surface Water Quality U.S. Geological Survey
U.S. Environmental Protection Agency
State and Local Water Regulatory Agencies
Groundwater U.S. Geological Survey
State Geological Surveys
State Water Resources Agencies
State and Local Public Health Agencies
U.S. Environmental Protection Agency
Historic and Cultural Resources National Historic Trust
Adbvisory Council on Historic Preservation
State Historic Preservation Officers
State and Local Historical and Archeological Societies
Threatened and Endangered Species U.S. Fish and Wildlife Service
U.S. Environmental Protection Agency
State Fish and Wildlife Agencies
State Forestry Commissions
Floodplains Federal Emergency Management Agency (FEMA)
U.S. Geological Survey
U.S. Army Corps of Engineers
State and Local Water Resources Agencies
Water Management Districts
Wetlands U.S. Army Corps of Engineers
U.S. Environmental Protection Agency
U.S. Fish and Wildlife Service
Soil Conservation Service
‘Water Management Districts.
Soil Data Soil Conservation Service
U.S. Geological Survey
State Geological Surveys
State Agriculture Agencies

Climatology National Oceanic and Atmospheric Administration (NOAA)
Local Airports
State and Local Air Pollution Control Agencies
Regional Planning Agencies

Coastal Zones National Oceanic and Atmospheric Administration (NOAA)
U.S. Environmental Protection Agency

Topography U.S. Geological Surveys

Noise U.S. Environmental Protection Agency

Transportation U.S. Department of Transportation
State Departments of Transportation

Demographics U.S. Bureau of the Census

Economic Data -State and Local Employment Commissions

Chambers of Commerce
Local Councils of Governments
U.S. Bureau of the Census
U.S. Department of Labor
U.S. Department of Commerce
Chemical Toxicity U.S. Environmental Protection Agency
. Manufacturer’s Material Safety Data Sheets (MSDS)

In the event that the proposed project likely will have an adverse environmental impact,
measures proposed to mitigate the impact are an important part of the NEPA decision process.

Examples of environmental concerns related to specific recovery processes are presented in Table
9.2.
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Issue Steamn Injection in Situ Combustion Chemical Flooding CO7 Injection

Air S0, NO,, and PM;;  HC and CO emissions Fugitive emissions Leaks of CO, in
emissions from steam  from wells from on-site process use or transport
(f manufacture of L.
generaiors 50;, NOy, and TSP chemicals H,S emissions from
Wellhead emissions of  emissions from air wells
HC COmMpressors
Water Use Significant water Moderate water demand ~ Significant water Significant water
demand in wet combustion demand demand
processes
Water Disposal of produced Disposal of produced Agquifer contamination  Disposal of produced
Effluent water water from injected chemicals water
Aquifer contamination = Disposal of produced Aaquifer contamination
from low pH water water from low pH water and
with trace metals corrosion of well

Spills or leaks of

resulting from . casings
corrosion of well cl:ietgncals to surface
casings waters
Solid Waste = Disposal of scrubber Disposal of wastes Disposal of wastes Disposal of water
- sludges from wellhead gas from on-site chemical treatment wastes
. cleaning manufacture

Disposal of water e

treatment wastes Disposal of water Disposal of water
treatment wastes treatinent wastes

Key: Italicized entries are of major environmental concern; SO, = sulfur dioxide, NO, = nitrogen oxides, PM;y =

particulate matter < 10um in diameter, HC = hydrocarbons, CO = carbon monoxide, TSP = total suspended
particulates, CO, = carbon dioxide, H,S = hydrogen sulfide

In case the nature and magnitude of the potential environmental impacts are uncertain, NEPA
requires that an Environmental Assessment (EA) be performed. The two possible outcomes of an
EA are: (1) a determination that significant impacts may result from the action, in which case an
Environmental Impact Statement (EIS) must be prepared; or (2) a determination that significant
impacts are unlikely to occur in which case a Finding of No Significant Impact (FONSI) will be
prepared and an EIS will not be required. If a specific proposed action is similar to actions for
which EAs have always resulted in FONSISs, then it is possible that the proposed action can be
declared Categorically Excluded (CX) from further NEPA assessment, i.e., neither an EA nor an
EIS will be required.

9.2 Other Federal Regulations

In addition to consideration of environmental factors in the planning process, the conduct of all
demonstration projects must comply with applicable federal, state, and local regulations and be
permitted by the appropriate agencies. As stated before, a complete summary here of all applicable
regulations is not possible. A relatively complete summary of applicable regulations and agency
points of contact can be found in the Environmental Regulations Handbook for Enhanced Oil
Recovery (Madden, et al., 1991). The American Petroleum Institute (APT) has published
guidelines for the management of solid waste in exploration and production operations (AP]I,
1989).
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Principal federal regulations that will be applicable to most oil production operations include,
but are not limited to, the following:

* Resource Conservation and Recovery Act (RCRA) — defines and regulates the
management of hazardous wastes. E&P wastes, such as drilling muds, cuttings, and other
associated wastes are defined as non-hazardous and exempt from federal regulation under
RCRA Subtitle C; however, they are regulated under regional or state solid waste disposal
programs. States have jurisdiction to decide if wastes exempt from federal RCRA
requirements are also exempt from state regulation as hazardous waste. Requirements vary
from state to state.

* Safe Drinking Water Act (SDWA) — is directed toward the prevention of contamination of
underground sources of drinking water (USDW) by regulating underground injection and
Underground Injection Control (UIC) programs. Injection wells related to oil and gas
production, either enhanced recovery or fluid disposal injection wells, are known as Class
II injection wells. The construction and mechanical integrity of these wells are regulated
either by the state or regional EPA office. These wells are regulated in the areas of well
construction and mechanical integrity testing. Again, requirements vary from state to state.
An organization that has considerable information regarding the requirements related to the
SDWA is the Groundwater Protection Council (formerly the Underground Injection
Practices Council) in Oklahoma City, OK.

* Clean Water Act (CWA) — is directed toward the protection of surface waters. Discharges
from point sources into surface water require permits under the National Pollution
Discharge Elimination System (NPDES). Such discharges must meet certain quality and
monitoring requirements that vary from state to state, and depend on the ambient quality
and public use of the surface water. The CWA also regulates above-ground storage tanks
and the prevention of contamination from spills.

* Clean Air Act (CAA) — is directed toward the protection and enhancement of air quality.
The CAA establishes National Air Quality Standards and requires each state to implement
the standards. Requirements vary from state to state and often vary between locations
within a state.

* Endangered Species Act (ESA) and the related Fish and Wildlife Coordinating Act —
provide for the protection of endangered species of fish, wildlife, and plants and their
habitats.

Other statutes that could affect oil production operations, but which will not be discussed here,
include the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
and the Superfund Amendments and Reauthorization Act (SARA); the Oil Pollution Act; and the
Toxic Substances Control Act (TSCA). To ensure that a specific oil production operation is
conducted in compliance with all applicable environmental regulations, it is advisable that the
operator contact the appropriate local, state, and federal regulatory agencies.

9.3 References

American Petroleum Institute, 1989, API Environmental guidance document — onshore solid waste
management in exploration and production operations: American Petroleum Institute,
Washington, D.C., Order No. 811-10850.

Clean Water Act, 33 U.S.C. 1251 et seq.; Implementing regulations 40 CFR 110, 112, 116, 117,
122, 124, 125, 131, 136, 401, 403, 413, 423, 433, 459.

Clean Air Act, 42 U.S.C. 7401 et seq.; Implementing regulations 40 CFR 50-52, 58, 60, 61, 124.
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Endangered Species Act, 16 U.S.C. 1531 et seq.; Fish and Wildlife Coordinating Act, 16 U.S.C.
661 et seq.; Implementing regulations 50 CFR 17, 222, 225-227, 402, 424, 450, 451-453;

National Environmental Policy Act, 42 U.S.C. 4321 et seq.; National Environmental Policy Act
Department of Energy Implementing Procedures and Guidelines, 10 CFR 1021

Madden, M.P., R.P. Blachford, and R.B. Spears, 1991, Environmental regulations handbook for
enhanced oil recovery: Department of Energy Report NIPER-546, 261 p.

Resource Conservation and Recovery Act, 42 U.S.C. 6901 et seq.; Implementing regulations 40
CFR 148, 260-281.

Safe Drinking Water Act, 42 U.S.C. 300f et seq.; Implementing regulations 40 CFR 124, 141-
148.
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APPENDIX A
GLOSSARY OF GEOLOGICAL TERMS

The purpose of this glossary of geological terms is not to reduce every geological term
appearing in the text to laymen's language, but to provide sufficient background and explanation of
key stratigraphic and sedimentological terms to allow the reader with a basic familiarity with natural
processes to understand the origin and subsequent accumulation of strandplain/barrier island
. deposits. Most definitions found in this glossary have been taken or modified from the Glossary
of Geology (Gary, M., R. McAfee, Ir., and C.L. Wolf, 1974, eds.: American Geological
Institute, 857 p). Many have been tailored to apply specifically to strandplain/barrier island
deposits or simplified for a more general audience.

Aggrade, Aggradation - Building of a strandplain/barrier island complex in a vertical trend with
time. In a hypothetical situation, where the rate of sediment influx exactly balances the rate
of subsidence, the position of the coastline will remain fixed for long periods of time. The
strandline will neither advance, nor retreat as the region subsides. In such cases, extremely
thick sands will accumulate as the standplain or barrier island deposit aggrades.

Arch - A relatively-positive structural area. In the case of a subsiding region, an arch can also
subside, but it will subside more slowly than the surrounding areas. In the case of the San
Marcos Arch in Texas, the Arch was subsiding, along with the rest of the coast, but it was
subsiding at a slower rate than the flanking embayments.

Aulacogen - A major fault-break in a continental plate where the Earth's crust has begun to
separate. Such faulting is deep-seated, caused by movements in the mantle, and affects the
entire crust at the site of the rift. Aulacogens typically fill with much greater sediment
thicknesses than surrounding areas, and are often accompanied by volcanism and igneous
activity. The East African Rift Valley System is an example of a developing aulacogen.
The Southern Oklahoma Aulacogen failed to separate the crust completely.

Back-Barrier Sands - Sands deposited on the landward, lagoon side of a barrier island. These
sands tend to have numerous layers of mud deposited in low-energy situations. These
muds lithify into shaly streaks, which form low-permeability, unproductive zones in the
sand. The thinnest shale streaks may be so thin that they are not recognized on electric
logs, but they still can form permeability restrictions or barriers. These streaks can lower
productivity and/or cause compartmentalization within the reservoirs.

Ball - (see longshore bar)

Barrier Bar - A term generally used in the past to refer to a barrier island, but no longer in favor
because it contains the term "bar" which connotes submergence.

Barrier Beach - (see offshore beach)

Barrier Core - The thickest, cleanest sediments in the center of a longshore bar or barrier island.
The sediments deposited in a Barrier Core are constantly exposed to breaking waves. The
wave energy washes out the fine-grained sediments, leaving behind a clean, sorted unit
with the coarsest grain-size along a particular coast. Barrier Core sands are generally
massive, with little apparent bedding, and include beach and/or Eolian dune facies.

Barrier Island - A long, low, wave-built sandy (or coarser grained) island, parallel to the shore
and exposed above high tide, commonly with dunes, vegetated zones, and swampy terrain.
These islands shelter the coast and isolate shore waters in a lagoon between the shoreline
and the island.

Barrier Peninsula - (see spit)



Barrier Spit - (see spit)
Barrier-Face Sand - (see fore-barrier sand)
Beach Plain - (see strandplain)

Beach Ridge - A low, essentially continuous mound of beach or beach-and-dune material heaped
up by the action of waves and currents behind a beach beyond the limit of storm wave
effects.

(Also referred to as foreshore and backshore sands (in part) or Barrier Core sands (in
part)—well-sorted sands in massive beds or parallel (planar) beds with low-angle seaward
dips; some small-scale cross stratification may occur near the lower contact with the Distal
Bar facies; some shell and heavy mineral layers may be present.

This facies, along with the often overlying Eolian facies, discussed below, constitutes the
best reservoir rock associated with strandplain/barrier island systems.

Brackish - Referring to water with a salinity or salt content intermediate between fresh water and
normal sea water.

Cape - An extensive rounded irregularity of land jutting out from the coast into a large body of
water; a peninsula or a point.

Chronostratigraphy - The branch of stratigraphy that interprets geologic history by determining
the age and time sequence of the earth's rock strata. Chronostratigraphy acknowledges and
builds on the fact that the rock record contains significant gaps representing substantial and
important periods of nondeposition and/or erosion.

Craton - A stable continental crust area. Over time, cratonic areas often undergo warping, and
may be cut by faulting, but they have not been the site of major orogenies or mountain
building.

Cuspate Barrier Spit - A barrier island deposit connected to the shoreline at both ends.

Cuspate Foreland - The largest cusp, occurring as a cape or as a broadly triangular point of sand
or shingle with the apex pointing seaward for several kilometers, formed by long-continued
longshore drifting of sediment.

Deep-Seated Faults - Faults that start at depth, often hundreds or thousands of feet below the
surface. Deep-seated faults tend to be long-lived, remaining active over thousands of
years. These faults may or may not reach the surface. Faults that do not reach the surface
will generally cause surface and near-surface deposits to warp or bend over the projection
of the fault.

Delta - Sedimentary deposit formed by sediment-laden moving water (e.g., current, river) when it
loses speed upon entering a standing body of water (e.g., ocean, lake) and drops its
sediment load.

Deltaic Deposit - Sediments deposited along a coast where a river is dumping large quantities of
sediment into the coastal waters. Deltas generally build out into the water, except in
situations where the coast is subsiding at a very rapid rate in excess of the rate of sediment
supply by the river.

Distal Bar - (Also referred to as shoreface or fore-barrier sands)-silt, sand and shale layers; sands
may show some internal grading; common small-scale cross stratification; facies displays a
general increase in grain size upward; may contain scattered shells.

This facies can be expected to have some reservoir quality sands, especially near its upper
contact, but sands are generally thin and their lateral continuity may not be great

Dune - A low mound, ridge, bank or hill of loose, wind-blown granular material. These features
form when sediments are exposed subaerially.
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Ebb Tidal Currents - Tidal currents moving generally away from the shoreline as the tide falls or
ebbs.

Ebb Tidal Delta - A small delta or deltaic-deposit formed at the seaward end of a tidal inlet as ebb
tidal currents lose speed and drop their sediment load.

Embayment - An area of the coast that is subsiding at a relatively rapid rate. Rivers tend to flow
to low-lying areas, so many embayments are also the site of major river deltas and thick
sediment accumulations. Embayments may mark areas where the seashore moves inland
from the general trend, but if sediment influx balances the increased rate of subsidence in
an embayment, the coastline will follow the general trend without deviation.

Eolian - (Also referred to as backshore and dune sands or Barrier Core sands (in party}—clean
well-sorted sands in massive beds or in large scale festoon cross-beds. This facies, along
with the underlying Beach Ridge facies, constitutes the best reservoir rock associated with
strandplain/barrier island systems.

Eustatic Sea Level Changes - Worldwide simultaneous sea level changes influenced only by
changes in the total amount of water contained in the ocean basins or changes in their
shape.

Facies - A sediment or rock type defined as having certain recognizable characteristics (e.g.,
having distinctive: color; mineralogic makeup; suite of sedimentary structures; faunal suite).
Often facies are named genetically, i.e., based on their environments of origin.

Flood Tidal Currents - Tidal currents moving generally toward the shoreline as the tide rises or
floods.

Flood Tidal Delta - A small delta or deltaic deposit formed at the landward or lagoonward end of a
" tidal inlet as flood tidal currents lose speed and drop their sediment load.

Fore Barrier Sands - Sands deposited on the deep-water side of a longshore bar, barrier island, or
_ strandplain. Fore-barrier sediments are quite clean on the shoreface side of a deposit, but
- become dirtier with depth. The shallow-water fore-barrier sediments are deposited in the
wave zone, and are washed clean of the finer material. As the water deepens, however,
~ waves have less effect, and fore-barrier deposits become dirtier.

Fore-Slope Sands - (see fore-barrier or shoreface sands)
Foreland - A prograded strip of low, flat 1and built by waves and currents at the base of a cliff.

Fluvial Deposits - Sediments deposited by a river system. Fluvial sediments occur inland from
the coast. As river sediments reach the sea, they become deltaic sediments.

Growth Faults - Faults that continue to be active over long periods of time, moving repeatedly at
the same location. Coastlines generally tend to migrate back and forth over time;
downward movement on growth faults tends to keep the coast at the same location for long
periods of time.

High-Energy Environment - Region of the coast with large amounts of wave action or strong
water currents. Sediments in a high-energy environment are continuously worked and
reworked by this moving water. Fine-grained sediments are constantly picked up, washed
out and carried away to areas where the water is less active. The coarsest material remains
behind in clean, well-sorted deposits, forming excellent reservoirs.

Incised Valley - A well-defined valley (from less than a mile to many tens of miles wide and from
tens to many hundreds of feet in depth) that cuts sharply into sediments below an
unconformity. They form in response to a relative fall in sea level, and fill with
transgressive sediments as relative sea level rises.
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Interdeltaic - Area of coastline between deltas. Usually little locally-derived sediment reaches
these regions. Sediments in interdeltaic areas are generally washed in from a relatively
distant source by longshore currents.

Lagoon - The pool of quiet water trapped between an offshore barrier island and the strandline.
Lagoonal environments include a wide variety of sediment types. The lagoon is generally a
low-energy area, with lots of relatively muddy sediment. Small sand pockets may be
deposited in lagoons during storms and around washover fans or tidal inlets. The coarser
deposits within a lagoon tend to be small. They are generally of limited value as reservoirs.
Poorly-sorted silts and clays with scattered sand size particles of wind-blown quartz;
erratically distributed thin stringers of moderate-to-well-sorted quartz sand; fauna often
indicative of brackish or sometimes restricted conditions.

Washover lobe and flood tide delta sediments have some potential as reservoir, but sand

quality cannot be expected to be consistent, and the sands are typically thin, erratically
distributed, and are not continuous over long distances.

Linear Sand - Sand laid down as a long, narrow body. When linear sands produce
hydrocarbons, the fields are often one or two well spacings wide. As a linear sand widens,
it becomes a tabular sand body or tab sand.

Littoral Current - An ocean current caused by the approach of waves to a coast at an angle. It
flows parallel to and near to the shore.

Longshore Bar - A low, elongate sand ridge submerged at least by high tides, and built chiefly by
wave action; occurring at some distance from, and extending generally parallel with the
shoreline, and typically separated from the beach by an intervening trough.

Longshore Current - (see littoral current)
Longshore Drift - Material moved along the shore by a littoral or longshore current.

Low-Energy Environment - Regions of the coast with relatively quiet waters. These include
much of the lagoonal setting and deeper-water areas, especially below wave base, where
there is little current or breaking-wave action. Very-fine-grained sediments tend to settle
out quickly in these environments, producing shales and other non-reservoir quality rocks.

Marine Shelf Shale - Shale with some stringers of silt and/or poorly sorted sand; may become less
shaly near contact with overlying Distal Bar facies; may contain scattered shells and thin
shell layers; ample evidence of marine burrowing organisms.

Marsh - A water-saturated poorly drained area, intermittently or permanently water-covered,
having aquatic and grasslike vegetation.

Massive Sand - Clean, well-sorted sand body with little obvious evidence of internal bedding.
Barrier Core sands are deposited in high-energy settings where the sediments are constantly
being picked up, reworked and redeposited. The constant reworking tends to remove
heterogeneities that would usually be recognized as bedding. Even though these sands
appear uniform on logs and in cores, well-production histories from Barrier Core sands
frequently show that there are numerous heterogeneities forming permeability barriers,
even within well-sorted Barrier Core deposits.

Offshore Bar - (see longshore bar)
Offshore Barrier - (see barrier island)
Offshore Beach - A barrier island with no dunes present.
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Open Shelf - A broad, relatively flat-bottomed, marine area, with relatively free circulation of
water. Shelf-areas are covered by shallow to moderately-deep water. The coarseness of
the sediments depends on the local sources of supply. Clastic sediments will increase
toward the shore and toward delta areas. In areas with little clastic influx, extensive
carbonate deposits may form on the floor of the shelf as marine life flourishes in the well-
lit, well-aerated water, dies, and a rain of skeletal material settles to the bottom.

Prograde, Progradation - Advance of a strandplain/barrier island complex seaward with time.

Ramp - A shallow, sloping marine area with relatively free circulation of water. A carbonate-
ramp seafloor is very similar to an open shelf, but with a more steeply inclined, gradually-
deepening floor.

Restricted - Referring to water which does not circulate freely and may become periodically or
consistently depleted in oxygen content. ’

Salt Dome - A domal structural rise formed by the movement of buried salt. Salt is much less
dense than any other major rock type deposited in most depositional systems. As overlying
sediments are deposited on an underlying layer of salt, instabilities can form. If the upper
surface of the salt is irregular, the excess weight of the additional, dense sediments above
the low spots can put excess pressure on the salt in these areas. Salt will sometimes be
squeezed out of the regions where the overburden is greatest. When salt flows out of these
lows, it moves toward higher areas where less overburden presses down on it. The
morphology of the original salt bed has a lot to do with the way the salt moves, and the
shape of the rising bodies. Salt rising from a series of points takes the form of salt domes.

Sequence - A conformable succession of genetically-related strata bounded above and below by
unconformities.

Sheet Sand - Sand laid down as a very broad body, generally thousands of feet or miles wide.
- Less widespread sands with a distinct linear trend are known as tabular sands or sand tabs.
~ Very-narrow, elongate sand bodies are known as linear sands.

Shoreface - The narrow sloping sea-bottom zone extending seaward from the low-water
shoreline.

Shoreline Barrier - (see barrier island)

Spit - A small point or low tongue of land commonly consisting of sand or gravel deposited by
waves and longshore drift and having one end attached to the mainland with the other end
terminating in open water.

Storm Surge - An abnormal, sudden rise of sea level along an open coast during a storm, caused
primarily by onshore wind stresses or atmospheric pressure reduction, resulting in water
piled up against the coast.

Strandline - The shoreline, where the land first meets the water. Open-water strandlines tend to
be high-energy settings and form good-quality reservoirs. Sheltered strandlines tend to be
lower energy, muddy, and are poorer reservoir sites.

Strandplain - A prograded shore built seaward by waves and currents, continuous for some
distance along the coast.

Subaerial - Exposed to the atmosphere or in the open air.
Submarine Bar - (see longshore bar)

Swale - Poorly-sorted, thinly bedded silt and shale units; often with root traces; this facies may
occur at any level in the subaerial part of the sequence.
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Tabular Sand Tab - Sand laid down as a relatively wide, but elongate body, wider than a linear
sand, but more areally restricted than a sheet sand. Hydrocarbon fields which produce
from sand tabs are generally at least three or four well spacings wide, but do not extend for
thousands of feet or miles in all directions.

Tidal Inlet - A major channel followed by and/or formed by tidal currents; break in a barrier island
or longshore bar where water is able to move out from river outlets or to flow back and
forth from lagoons (in the barrier island case) to the open sea. In the strandplain/barrier
island environment, tidal inlets cut through the Barrier Core sediments and are
perpendicular to both the shoreline and the long axis of the longshore bar, barrier island, or
strandplain sediment bodies. The depositional setting around a tidal inlet is extremely
complex, with localized, high-energy settings juxtaposed against muddy lagoon floors and
clean, Barrier Core sands. Even when sands in a tidal inlet are in contact with the Barrier
Core, subtle breaks in the sediment layers and attendant permeability barriers may make it
difficult for hydrocarbons to flow from one sand body to the other.

Tidal Inlet facies are quite variable but in general consist of one or more fining-upward
sequences with sand and shell materials contained in lower cross beds and/or ripple beds
(either of which may display bidirectional orientations). Deposits grade upward to finer
sands and silt- to clay-size sediments with common shale drapes.

Tidal Currents - Water movements associated with and caused by rise and fall of water levels
caused by tides.

Tidal Delta - (See ebb tidal delta and/or flood tidal delta)

Washover Fan - Sediment deposits washed over or eroded from a barrier island or longshore
bar. Washover fans are formed of mixed materials, carried over the crest of the barrier
island or longshore bar during exceptionally high-energy situations, like storms. These
fans generally include much coarse-grained material. The deposits usually do not create
good-quality, widespread reservoirs.

Wave Base - The depth in shallow water to which wave action disturbs, sifts, and cleans the
sand. Above wave base, sands are worked and reworked, cleaning the sediments, and
potentially forming good reservoir deposits. As water depth increases, the amount of wave
energy decreases, and sediments become muddier.

Weighted Average - Average of values for geologic or engineering parameters, determined from
reservoir averages, increased or decreased according to the production from each reservoir.
A number of small, especially productive or unproductive fields will distort the average
values for the reservoir. Weighted averages place greater emphasis on more productive
reservoirs, and decrease the significance given to small reservoirs.
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NIV TdONVLSHIHHYE NOSHOV ANVS ST1IM LNIWNHIAQD ANVS ST13M INFWNHIAQD HIHON ST13M INJFWNHIAQD XL
NIV IdONVLSHIAIHYYE NOSHOVP S3NOZ GINIBNOD S3INOZ a3INIgGN0D Qavidd XL
NIV IdONV.LS/HIHEYE NOSHOVP S3INOZ JINIGNOD SINOZ A3INIGWOD Qdvid XL
NIV TdANYLSAHIIHHYE NOSHOVT QNVYS 3100 ANVS 3700 TIFHANNT X
NIV TdONV.LS/HIIHHYE NOSYOVP GNVS 3100 ONVYS 3100 . TH OHa30 XL
NIVIdONV.LS/AHZHEHYE NOSMOVE 700 100 153M 'XIS-ALNIATS XL
NIVTdONY.LS/HIIHHYE NOSMOVP 3700 3700 JHAIIIT-SVININY SV XL
NIV IdONV.LS/HIHHYE NOSHOVP INNHE INNHH NOLO XL
NIV IdONY.LS/HIIHHYE NOSHOVT NYNNIHY NVYNN3HE ONQHLSWHY XL
NIV TdONVLS/HIIHHYE NOSHOVT NYNNIHE NYNN3HE DNOHLSWHY XL
NIV IdONY.LS/HIIHEYE NOSHOVE (NVS 0008 QNVS 0008 1S3M "SONINNIT X1
NIVIdANVLS OHd SNMINHOD 1S3M SNIMTEINHOD 1SIM| HIHON "ALID Avd - HLHON 'WyHMHVYIN Xl.

NIVIdANVLS OlHd H0AVD 15IM FOAVO 1SIM| HLHON ALID Avd - HIHON "WYHMHYN XL

NIVIdONYLS Olld GHYM aHYM HONVH 1S3M XL

NIVTdONYLS Oldd INOZ OQVYNIA ANOZ OQVN3A HONVH 1S3M XL

NIVIdAONV.LS OlHd ANVS LHBHIANVA GNVS L7I8HIANVA HONVH 153M XL

NIVIdONVLS Oldd XL HLIHON 'SHIHLIM XL

NIVIdONYLS Ol X1 d330 L3IXVS XL

NIVIJANV.LS OlHd XL X04-019n434 XL

NIVIJGNV.LS Ol XL 1Sv3 '0a30V1d XL

NIVIdONVLS OlHd XL Nv300 10 XL

NIVIdONVLS OlHd XL SQIIIJAIN XL

NIVIdANVLS OlHd X4 ECien] XL

NIVIdCONVLS Oldd X1 H3ISAIH XL

NIVIJONVLS Oidd XL d330 OQVYNYD XL

NIVTDAONY.LS Ol XL OavNVD XL

NIVIJONYLS Olbd XL HLHON 'SYLIONYHd XL

NIVTJGNYLS Oldd XL 18vy3 '20-d HYd13 XL

NIVIdONV.LS Old XL LLSIHHD SA4HO0 Xi

NIVIdONVLS Oldd XL NIMmave XL

NIVTdONV.LS Oibd 3ANOZ AGNOL ANOZ ASNOL YLiio1 Xl

NIVIJONVLS Oldd AINOL AINOL HONVH LS3M XL

NIVIJONV.LS Olbd S3INOZ H3H10 S3NOZ HIHLO HONVH is3Mm XL

NIVIJONYLS Oltdd W3aao Waao W3ao XL

NIVIdGNVLS Oldd ‘dN "FAISSYN "dN 'JAISSYN 1Sv3 ‘441078 HNOTd XL

NIVIJaNVLS OlHd ANOZ YNITNNIOHVYIN INOZ YNITNNIDHYIN v.11o7 XL

NIVIJONVLS OlHd VYNITNNIDHYN YNITNNIDHYW OHaHNVYW XL

YN AVid SNVN NOLLVINHOL - FNVYN HIOAHISSIH JAWVN a13id 3LviS
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SNOINVTIEOEIN XL )V XINTOH XL
SNOANVTIZISIN XL HLNOS ‘'YNVYJAVO XL
SNOIANVTIHOSIN MOTIVHS MOTIVHS VYNVYOISHOO XL
SNOINVTIAOSIW ONVS Y3340 110 ANVS Y33HD 110 ANSNAONYS XL
SNO3INVTIZOSIN ANVS 0518 -9 0618 LSAMHLNOS "INVYSYIHd XL
SNO3NVTIZOSIN QNVS 0082 100d 0082 AFFHO OLL310D XL

AN LNV INIBA0OOM 4 INIEaOOM a ANIEAoOM ZI7 XiHL XL
INITLINYS INIBAOOM g INIGA00oM g ANIHGOOM ZIT XiHL XL
ANMLINYS INISGOOM INIBAOOM WYHLIEOM XL
ANMLLINYA INIBACOM 3NIEA00OM TIIMOd XL
ANITLNVE INIBAOOM INIgA00oM 3NISA0OM VIXIN XL

NI LINVYS INIgGaoom ANIggoOoMm ANIGAOOM HLNOS 'SNIHIAN XL

3NIT LNV INISA0OM ANIGAOOM 18v3 1138509 WvH X

031V 13H-LVS "SNOZ0V1I3HOD X1 SILNVA XL
431¥134-LVS 'SNO30vi3H0 XL DIVT AVMAIN XL
Q3LV13H-LVS 'SNO3OVLIIHO XL JOVH.LYVO XL
QaLY13H-LTVS 'sNO30vVIIHO X1 vaiv XL
J31v134-17VS 'SNO30V.LAHD ITASHHYID-ENS FTHASHHYTO-8NS NYIWLIND XL
J31v1345-1VS 'SNOIOVLIIHO FTUASHEYTO-ANS ITUASHHYID-8NS Eblee) XL
G31v13H-17VS 'SNO3OVIZHO LINN dNVS HOHNBSLLId LINN ONVS HOHNGSLLId Q13id Hodnas.Liid XL
03LV134-LVS 'SNO30V13HO odnas.Liid DHNESLLId 3dOH M3N XL
Q31V134-LVS 'SNO30V.IIHO AXnivd AXOVIVd IV HIOHNGWNVHS Xl
031VTad-LVS "'SNO30VIIHO AXnivd 1vd ANVYS XL
a3Lv135-1VS 'SNO30VI3HO AXnivd AXNvd LSIMHLHON ‘NVINLIND XL
031v134-LIVS 'SNO30OVLIIHD AXNvd NYILIND Xl
g31V13H-LVS 'SNOJOVLIHD AXNvd AXNvd T3IZNYIN XL
G31Y134-LVS 'SNO30V.IZHO AXNVd AXnnvd S.LLH XL
G31V13H-LWVS 'SN030V13HD AXNIvd AXNivd DIOD XL
031V134-LVS 'SNOI0V13HO ANVS TIH GNVS TIH 3dOH MaN XL
031V134-LVS "SNOJOVIIHO (SLNIWD3S d4-8) ANVS SiHEVH (SLNIWD3S 4-8) ANVS SIHEVH TIIH 1s3d0d XL
03LY134-L'WVS "'SNO3OVISHO dNOYH HENESHIIHAAYL dNOHD DHNESHOIHaIHS 11iH 13dvHO XL
A31LY134-L'IVS 'SNOFDVLIIHD ANVS OZIHHYD ANVS OZIHHYD WNoO01S XL
(LY134-LVS 'SN030VI3HO ANVS 1L3aNdNg ONVS LLINHNEG JOVHLIHYO XL
NIVIdONV.LSHAIHHYE NOSMOVI  ANVS STISM LNIWNHIAOD LSHId H3ddN ANVS ST13M INJWNLIAOD LSHId U3ddN 110081HA OOONOD XL
NIVIdONV.LS/HIIHHYE NOSHOVE X1 HLNOS XIS-AINIAIS XL
NIVIJONY.LS/HIIHHYE NOSMOVP X1 OaQvanvd XL
NIVIJONY.LS/HIIHHYE NOSHOVE XL NVWJ40H XL
NIVIdONV.LSHIIHHYE NOSHOVP XL SNOWWISZLid Xi
NIVIJONY.LS/AHIIHHYE NOSHOVE XL JErZ£] XL
NIVIJANY.LS/HIIHHYE NOSHOVT XL 1H 3719v3 XL
NIVIdaNY.LS/HIAIHEYE NOSHOVT XL 2 X0O0UM 1S3IM 'YOSNOWVHYHO XL
NIVIdAONV.LSHIIHHYE NOSHOVP Xl HLNOS 'VNVdWVD XL
NIVIdONV.LS/H3IHHYE NOSHOVE X1 S3AIAYNIE XL
NIYIdONV.LS/H3IHHYS NOSYOVE X1 SIAAIAYNIG XL
NIV IdONY.LSAHIIHHYE NOSHOVI Sn.Lidd SNn.Llad X
NIVIdANY.LS/HIIHHYE NOSHOVP snilad snilad NH3HO XL
NIVIdONV.LSHIIHEYE NOSHOVT sn.L3d SNil3d TFanni XL
NIVIdONV.LS/HIiHEYE NOSHOVr Snil3d SN.Li3d 113aNNT XL
NIVIdONYLS/HIIHEYE NOSHOVE ANVS OONVHIN ANVS OONVHIW ALID OONVHIN XL
NIVTdONVLS/HIIHEYE NOSHOVER QNVS QONVHIW ANVS OONVHIN Z3d01 XL
JNVN AVld SNVYN NOLLVINHOA SINVN HIOAHIS3H JNYN a131d 31ViS
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SS NIVTIJONYHLS VLOMYA SNO30VIIHO HIMOT [CENCREEN G V.i0Mvd 33O HITN M
SS NIVIJaNVHLS VLOMYQ SNO30VIIHO HIMOT (43IAIH TIvd) VIONVA Q3aNIgNoo [REECENL )] A
53 NIV dONYH1S SNOF0V.IIH0 HIMO SINOLSANVS F1LSVYOMIN F1LSVOMIN Y3340 "31aald A
SS NIV IdONVHLS SNOZ0V.13H0 HIMO'1 ANOLSANYS Adanin AQann TVLILIHM AWV
SS NIVIdANVHIS SNO30VI3HO HIMO1 3INOLSANYS AQANW AdaniN aln A
SS NIVIdONVHLS SNOIOV.LIHO HIMOT ANOLSANVYS AONW AQanin HONVYH NIDNIHJS A
SS NIV IdAONYHLS SNO30V.13HI HIMOT ANOLSANYS Addnin ATNO ODONOO & AQONW H3ddn MO0HNID HINOS A
SS NIVIJONYHLS SN030VI3HO HIMOT 3NOLSANYS AQaNW AQQN 1SV3 'HYEaNVS M
5SS NIVIdONVHLS SNO30V.L3HD HIMOT INOLSANYS AaanNi AQani 13204 A
SS NIV IdANVHLS SNOZJV.IIHO HIMO'1 ANOLSANYS Addnin AQani EEIMEEL] A
SS NIVIdONVHLS SNOIOVISHD HIMOT INOLSANVS Adanin Adanw TN AN
SS NIVIdONVHLS SNO30ViIHO HaMo1 ANOLSANVYS AQANN Adann ALLIM A
SS NIV IJONVHLS SNO30VIZHO H3IMOT ANOLSANYS AJGNN VSMTINNIW "AGANN LHOIMH A
SS NIVIdONVHLS SNO30V.IIHI H3MO1 INOLSANYS AGAN Adanin 3LLITID A
SS NIVTdANVHLS SNOZ0VIIHO HIMO1 INOLSANYS AN AQANN MVYHQA SYD A
SS NIVTdGNVHLS SNO30VIIHO HIMO'T ANOLISANVS AQanin Aganin SWNT100 A
SS NIV TdONVHLS SNO30V.iIHO HIMO1 INOLSANVS AJGNN Adann NVHO A
SS NIVIdANVHLS SNO30V.LIHO HIMO {H3AIE TIvd) ViOoNvd VioMva NFFHD AIMNOa M
HIAH HIAMOC-SS Ny MHYd SNOZOV.LEHO H3ddn FAHIAVSIN NYWMHYd HIAHO ISHOH avaad A
NISYE NHOHDIS-SLISOdAA NIASIWY JAISSTHOSNYHL {SS NIMHVQ) N3AsSY NIMHYQ HIFHO SSVHD AMA
NiSva8 NEOH BIa-SS JB0HSHVAN DISSYIHL (H3aW3W SS NIVINNOW MOHO) HI1VMBNHD S1LEND ANOA NOLTIWVH AM
NISV8 NHOH DI8-SS SHOHSHVAN DISSvIHL (HIBW3W SS NIVINNOW MOHO) HILVMDNHO SILHND N33HD SSVHD AN
S5 INIHVINLST AGGNN SNODVITHO HIMO INOLSANYS AGanin AGONN JATIHD A
HIAH ONIM-SS FAHIAVSIN SNOZOVATHO Haddn 3aH3AYSIN 3aH3IAVSIN 1S3M "H3dIdS NOSIOd A
AM MS-5S QvIHLY 4 NvIHEWYD 37aaIn INOLSANYS AVaHLY13 QvaHLY1d H313708 1507 MA
AM MS-NIVIJONVHLS NIMHVQ NYIddISSISSIN H3ddN {INOLSANYS NIMHYQ) NIASWY NIASWY FAEL) M
AMMS-O3TONINNCD SS SNOJ0VIIHO HIMOT V.LOMVT 'vLOMYA ‘AQGNN SNO30V.L3HI H3AIH ¥O0H M
AMMS SHv8 H3iHHYE AONOWTY SNO30V.I3HD Haddn GNOWTY ANOWTY {LINN HOZd) MyHA MOIH1vd M
AMMS SHYE HIIHHYE ONOWTY SNOF0VLIHD H3ddN ANOWY AONOWW {LINA TINNOW) MVHO MOIH1vd M
NVINOA3IA NiSVE X0avdvd NIMOVHOOW NINOVHOOW NOgSs! in
HINVYN AV 1d JANVN NOLLVIWHOL SWVN HIOAH3S3H JNVN a131d 3LVIS







